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Abstract 
Potential reduction of smoke emission of marine diesel engines is investigated through the 
installation of an exhaust bypass system featuring two diesel particulate filters in the Laboratory 
of Marine Engineering of the National Technical University of Athens. This system differs from 
the ones already in use in the automotive industry because it charges only during engine 
transient loading in order to avoid early filter contamination. The exhaust flow is controlled by 
the operation of two butterfly valves. When the engine is idle or operating in steady state the 
first valve is fully open and the exhaust gas flows through the main duct unfiltered. In case of 
engine transient loading, during which there is high smoke emission, the second valve gradually 
opens leading part of the exhaust gas into the filters. When it is almost fully open, the first one 
closes and the exhaust gas is being fully filtered until the engine operates in steadier conditions. 
Then, the valves are moved to their initial positions. The efficiency of the method, in terms of 
smoke emission reduction, is assessed by measuring the exhaust gas opacity after the filters. 
Furthermore, the differential pressure across the filters is measured, as well as the system back 
pressure, in order to estimate the soot load in the filters and its impact on the engine operation. 
The project includes the supervision of the construction and proper installation of the 
exhaust bypass system in the exhaust processing unit of the laboratory, the acquisition and 
mounting of all sensors, the installation of the necessary subsystems and the conduction of the 
experiments. In the context of this project, opacity measurements on a high speed passenger 
vessel are also carried out in order to evaluate the opacity sensor performance, as well as to 
observe the smoke emission from an engine operating in real conditions. In addition, a brief 
description of the radio – frequency soot sensing technology is performed in order to decide 
whether to use this or the state of the art differential pressure in order to estimate the soot load 
in the filters. 
The main objective is to develop a system that will reduce efficiently and in a safe way the 
smoke emission of diesel engines without interfering in their overall operation. Furthermore, 
additional issues must be considered so that the system will be suitable for retrofit in marine 
engines.  
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Introduction 
This thesis is investigating the possibilities of obtaining lower smoke emissions in the 
exhaust gas of a marine diesel engine, by installing a bypass duct in the existing exhaust system 
of the Laboratory of Marine Engineering of the National Technical University of Athens which 
will lead whole or part of the exhaust gas into diesel particulate filters during engine transient 
loading. This project was elaborated as part of a research program which is conducted this 
period in the laboratory and includes the supervision of the construction and installation of the 
exhaust bypass system and all necessary sub-systems, the acquisition and mounting of all 
sensors and the experimental procedure which will decide the overall efficiency of the system 
and its suitability for retrofit in marine engines.  
The first chapter of the thesis provides the project overview, offering a concise view of the 
general background and the existing problem as well as a brief description of emission 
abatement methods including the exhaust bypass system.  
The second chapter provides information on the diesel particulate filter technology. It 
includes some interesting facts about the particulate filter, a short description of its operation 
and problems, as well as the reasoning of the DPF selection for the exhaust bypass system.  
The third chapter reviews the exhaust bypass system and describes in a detailed way every 
part of the system as well as its operation. In fact, this chapter is the description of the system 
as it was initially conceived.   
The fourth chapter describes the installation of the exhaust bypass system, including its 
construction and assembly in the laboratory, the mounting of the sensors and all the additional 
tasks that had to be carried out for its proper operation. 
The fifth chapter includes the opacity measurements that were carried out on a high speed 
passenger vessel in order to investigate the opacity sensor behaviour operating in real 
conditions. Apart from the description of the tasks that had to be done in order to take these 
measurements, it also includes results analysis and discussion. 
The sixth chapter covers the experimental procedure and all of its aspects such as the 
preparation for the experiments and the results analysis. 
The seventh and final chapter provides general conclusions, evaluates the system’s overall 
efficiency, mentions all the problems that were encountered and offers recommendations for 
future work.  
2 
 
Chapter 1: Project Overview 
1.1 General Background 
 
Close to a century after the entry into service of the first oceangoing motor vessel, the 
diesel engine enjoys almost total dominance in merchant and passenger ship propulsion 
markets as well as in the heavy duty sector of the automotive industry. The most important step 
in strengthening the status of diesel engine, especially in marine propulsion, is its ability to burn 
cheaper, heavier fuel oils with high efficiency (1). In addition, progressive advantages in the 
efficiency of turbochargers has led to an increase of the overall efficiency of the marine 
propulsion systems by exploiting the heat of the exhaust gas and supplement the main engine 
effort or drive a generator (2). However, its high thermal efficiency, which in simple terms 
means high fuel economy, is opposed by tightening international controls and environmental 
pressures that impose the continuing effort to reduce exhaust gas pollutants. 
Exhaust gas emissions from marine diesel engines largely comprise nitrogen, oxygen, 
carbon dioxide, and water vapour, with smaller quantities of carbon monoxide, oxides of 
sulphur and nitrogen, partially reacted and non-combusted hydrocarbons and particulate 
matter (1). The majority of these emissions are considered pollutants due to their adverse effect 
on the environment and on human health. Thus, several regulatory bodies have addressed the 
issue and enforcement of legislation aimed to reduce marine emissions is in progress (3). In the 
wake of this development the maritime industries are continuously seeking and implementing 
emission abatement strategies such as the selective catalytic reduction system for reducing NOX 
emissions or the diesel particulate filter technology for reducing PM emissions. 
Besides environmental considerations, however, other factors influence the growth and 
development in the maritime industry. This can be illustrated by the marked increase in the 
number of passenger ferry services operating with high-speed vessels over the past decade. This 
trend is likely to continue with the increasing demands for shorter travel and delivery times (3). 
These vessels usually operate in environmental sensitive areas such as island harbours where 
the emission control is urgent. As a consequence, smokeless main and auxiliary engines 
operation is requested because the smoke emissions are prominent due to the clean 
environment and the bright background found in these areas. 
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In general, legislation imposes that marine diesel engines operating in environmental 
sensitive areas should burn light fuel oils – the so-called MDO, in order to reduce the pollutants 
emitted. Marine medium and high speed diesel engines can burn such a fuel, with typical 
properties as shown in table 1, very efficiently. Heavy fuel oils, which are very popular as typical 
fuels of big low speed diesel engines operating in big oceangoing merchant ships, produce 
smoke density almost two times that of MDO (figure 1), due to the fact that HFO contain a lot of 
residues which are impinged and adhered onto the piston crown during the ignition delay, their 
evaporation is delayed and the combustion is deteriorated (4). Although this is not so obvious 
when the engines work around the service load, it becomes prominent when the ships are in 
ports or narrow channels and the engines work at low loads. 
 
 
 
Table 1: Properties of a typical MDO (3) 
 
 
Figure 1: Relationship between fuel 
injection timing and smoke density as a 
function of fuel quality (4)
 
For the time being, the majority of the emissions of marine diesel engines are controlled 
with standards already in force (Tier I, II, III), except for the PM emissions for which no emission 
standard has been adopted yet. However, manufacturers are required to measure and report 
them (5). Nevertheless, this does not apply to on-road light or heavy-duty, railway and 
stationary diesel engines, whose PM emissions are already regulated. From 2007 the PM 
emissions of heavy-duty highway engines operating in USA are limited to 0.01 g/bhp-hr, while 
for the non-road diesel engines the limits range from 0.3 g/bhp-hr to 0.03 g/bhp-hr (depending 
on engine power) (5).  Moreover, the European Union has adopted the new Euro 6 standard 
which limits the PM emissions of HDD engines to 0.01 g/kW-hr and that of non-road diesel 
engines to 0.025 g/kW-hr (5). Similar standards have already been adopted in the rest of the 
world (e.g. Japan) (6) . In addition, in USA from 2014 PM emissions of medium power (2750 bhp 
≤ P < 6000 bhp) marine diesel engines will be controlled and limited to 0.09 g/bhp-hr, posing 
more pressure on the engine manufacturers to promote “green” technologies (5).  
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1.2 Problem Description 
 
Marine engine designers in recent years have had to address the challenge of tightening 
controls on noxious exhaust gas emissions imposed by national, regional and international 
authorities responding to concern over atmospheric pollution and its impact on human health 
and climate change. One of the most characteristic, yet hazardous, emissions of diesel engines is 
PM, which is a complex mixture of inorganic and organic compounds resulting from incomplete 
combustion, partly unburned lube oil, thermal splitting of HC from the fuel and lube oil, ash in 
the fuel and lube oil, sulphates and water. More than half of the total particulate mass is soot 
(inorganic carbonaceous particles), whose visible evidence is smoke. Soot particles (unburned 
elemental carbon) are not themselves toxic, but they can cause the build-up of aqueous HC, and 
some of them are believed to be carcinogens (1). Fortunately, particulates constitute no more 
than around 0.003 percent of the engine exhaust gases, but this number tends to increase 
sharply during engine transient loadings when poor combustion conditions prevail.  
The primary cause for soot (PM) formation is that regardless of the flame type (diesel cycle 
is characterised by diffusion flames), if the combustion conditions are poor, (elevated 
temperature, poor mixing of fuel and oxidant etc) the fuel undergoes either pure or oxidative 
pyrolysis. Some precursors of the fuel pyrolysis undergo cyclization and create an aromatic ring. 
The ring structure is thought to add alkyl groups, developing into polynuclear aromatic (PAH) 
structure that grows owing to the presence of acetylene and other vapour-phase soot 
precursors. These precursors arise as free radicals from the breaking of the bonds of the 
hydrocarbon molecules due to the elevated temperature in the combustion chamber. 
Eventually, the aromatic structures reach a large enough size to develop into particle nuclei. 
Such condensed-phase carbon particles contain large amounts of hydrogen. The particles 
dehydrogenate in high-temperature combustion field while physically and chemically absorbing 
other gaseous hydrocarbon species that dehydrogenate. As a result the soot mass increases 
rapidly and the growing particles agglomerate and conglomerate. The absorbed species undergo 
to a large degree chemical reformation, which results in a carbonaceous soot structure.  
However, while these events are occurring, oxidative attack on the particles continues to form 
gaseous products (7). Consequently, the fuel properties and the conditions in which the 
combustion takes place, determine the level of soot formation.  
The PM emissions exhausted from diesel engines can be divided into soluble (SOF) and 
insoluble (ISF) organic fractions and sulphates (figure 2). Elemental carbon and ash constitutes 
the ISF of PM and is not considered as hazardous as the SOF which is formed mainly by 
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hydrocarbons, deriving from the lube oil, and other harmful components such as PAH that are 
contained in the fuel (8). The sulphur particles (sulphates) are formed by the interaction 
between sulphur acid and water so their emission depends on the humidity and temperature of 
the exhaust gas as well as on the sulphur content of the fuel.  
As far as the particle form is concerned, PM emissions are primarily formed in two separate 
modes:  
 Nuclei mode particles which consist mainly of condensed hydrocarbons and sulphates. 
The gaseous precursors condense as temperature decreases in the exhaust system and 
after mixing with cold air in the atmosphere. They constitute part of the SOF and 
sulphates.  
 Accumulation mode particulates which are formed during combustion by agglomeration 
of primary carbonaceous particles and other solid materials as described above. The 
majority of the accumulation mode particulates form in the core of the burning fuel 
spray and they constitute the ISF. Further, gases and condensed hydrocarbon vapours, 
also part of the SOF, are absorbed into the surface of the particles (9). 
Particulate Emissions are considered a contributory factor in causing asthma, allergies and 
various other human health problems. Smaller particulates are thought more likely to penetrate 
deep in human lungs, the most minute of them perhaps even moving into blood stream (1). In 
addition, the condensed hydrocarbons in the nuclei mode particles and on the surface of the 
accumulation mode particles contain toxic and carcinogenic hydrocarbons (9). That’s why there 
is a strong correlation between ambient PM concentrations and human health. 
As mentioned before the most dangerous part of the PM emissions of diesel engines is the 
so-called SOF which consists of highly toxic and carcinogenic hydrocarbons. However, the ratio 
of the SOF to the total PM emissions depends on the engine load as it is shown in figures 3 and 
4, rendering the need for reducing these emissions in the areas where the engines operate at 
low loads (e.g. island ports), urgent.  
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Figure 2: Particulate emission composition of a large 4-stroke medium speed diesel engine 
running on MDO at steady state high load (8)  
 
 
Figure 3: Relation between engine load and PM concentration (4-stroke marine diesel engine 
with propeller load operation) (8) 
 
 
Figure 4: Relation between engine load and PM concentration (4-stroke marine diesel engine 
with constant engine speed) (8) 
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1.3 Smoke Emission Abatement Methods 
 
The biggest challenge concerning the emissions reduction of diesel engines is that 
pollutants are formed under different conditions, rendering a reduction method often suitable 
for one particular emission but inappropriate for another. For example, while NOX are generated 
thermally from nitrogen and oxygen at high combustion temperatures in the cylinder, as well as 
for small fuel to air ratio (lean burn combustion), PM is formed at intermediate temperatures 
and for high fuel to air ratio, where the soot precursors cannot be oxidised, thus forming species 
that transform into soot (figure 5) (10). Therefore, special caution must be given and all 
necessary parameters have to be taken into account for optimizing the potential abatement 
method in order to achieve efficient engine operation with reduced emissions. In order to 
accomplish this, there must be either an improvement of the combustion process or the use of 
external devices. The first one is called prevention method as it deals with the problem at its 
origin, whilst the other is called mitigation method because it transposes the problem to a next 
level of confrontation (11).  
 
Figure 5: Soot and NO concentrations as a function of fuel to air equivalence ratio and 
temperature. Soot in g/m3, NO in mole fractions and temperature in degrees Kelvin (10) 
 
As regards the combustion process improvement, for engine manufacturers it has been one 
of the most important sales arguments for decades. Consequently, focus has been for long on 
improving the combustion process and reducing unburned compounds (e.g. HC, PM), so there is 
no large leap to be expected from further improvements (12). This is proved by the fact that at 
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very high engine loads, combustion in a state of the art medium speed diesel engine can be 
modelled to give invisible smoke.  
However, this does not apply at low service loads and especially during rapid start-up 
manoeuvres and load changes, when the turbochargers deliver less intake air than the engine 
needs for complete fuel combustion, so the engine ‘smokes’ (1). Many systems for improving 
combustion during transient loading have been proposed with sometimes ambiguous results. 
Such systems are: 
 Turbocharger optimization for part load, with a waste gate 
 Charge air bypass below a certain engine load 
 Smaller Injection bores 
 Nozzles with short sac holes 
 Auxiliary blower for operation below a certain engine load 
 Fuel-water emulsification 
 Retarded fuel injection below a certain engine load 
 Common rail fuel system 
From the systems cited above, the later provides the most promising results because it 
offers the freedom to choose the fuel injection pressure and timing completely independent of 
the engine load, whereas computerised control allows several key engine parameters to be 
considered. The ability to maintain fuel injection pressures sufficiently, high at all engines loads 
and speeds (even at the lowest levels and during starting and transient load changes) 
contributes to clean combustion with no visible smoke emissions (1).  In addition new ideas are 
currently investigated for eliminating the air to fuel mismatch in the combustion chamber 
during transient loading.  For example a smoke abatement method, which comprises a 
compressed air injection system (JA) and a closed pulse turbocharging system (CPT), has been 
developed in the Laboratory of Marine Engineering of the National Technical University of 
Athens. The system is activated during engine transient loading, when compressed air is injected 
on the compressor impeller to increase its rotational speed as well as the air pressure and 
quantity in the intake manifold, while the constant pressure turbocharging system turns to pulse 
(figure 6) and exploits the high kinetic energy of the exhaust gas (in form of high pressure tuned 
pulses) to further improve the compressors response to the load change (13). The results are 
very promising as the opacity is reduced almost 80-85% (figure 7). In addition, the response time 
of the turbocharger to the transient loading is extremely fast. As a result the compressor 
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reaches steady state condition very quickly indicating that the required amount of air is supplied 
to the engine at the right time (14).  
Although there is a limited scope to significantly reduce particulate emissions by improving 
the combustion, methods of removing particulates from the exhaust gas are available as well 
(1). Moreover, in contrast to the prevention methods, the use of exhaust after-treatment 
devices, offer the possibility to be installed in older or out-of-date engines where no 
modifications for improving engine performance can be made. In other words they are suitable 
for retrofit as the prerequisites for their installation are few.       
 
 
Figure 6: The overall system set-up with the air injection and the variable path exhaust 
manifold configuration (13) 
 
 
Figure 7: Opacity for combination of JA and CPT systems for two steps loading at constant 
engine speed (14) 
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The most widely found after-treatment devices for reducing PM emissions are: 
 Diesel Particulate Filters (DPF) 
 Bag Filters 
 Electrostatic Precipitators 
 Scrubbers 
In Diesel Particulate filters the exhaust flow is forced through very small channels (μm 
range) where solid particulate matter is collected (figure 8). However, a large pressure 
difference is needed for forcing the exhaust flow through the small channels. Therefore, the 
engine may experience high backpressure, which will result in high thermal loading. Despite the 
fact that this technology is used in some truck and rail engines, there is no demonstrated DPF 
technology available for large marine and stationary engines operating on typical ‘’non-
automotive’’ fuel quality.  Additional challenges for its use in large scale applications are the big 
dimensions needed, its mechanical strength and its early clogging due to ash presence in the 
exhaust gas. As a consequence, for the time being DPF is considered as a not feasible solution 
for marine applications (12).  
Bag filters or dust collectors are systems designed to enhance the quality of gases by 
collecting dust (even for high volume dust loads) and other impurities that they may contain. 
They consist of a blower, dust filter, a filter-cleaning system and a dust receptacle or dust 
removal system. Dust enters the bag-house compartment through inlet on the hoppers (figure 
9). Larger particles drop out while smaller dust particles collect on filter bags. When the dust 
layer thickness reaches a level where flow through the system is sufficiently restricted, bag 
cleaning is initiated. Cleaning can be done while the bag-house is still online (filtering) or in 
isolation (offline). Once cleaned, the compartment is placed back in service and the filtering 
process starts over (15). This system is able to achieve relatively good particulate reduction, as 
long as it is sufficiently large. However, a ‘’protection reagent’’ is needed in order to protect the 
filter from clogging. In addition the flue gas has to be cooled and a fan is needed due to high 
pressure drop. At last but not least, there must be room for waste disposal regarding the 
‘’protection reagent’’ and the removed particulate. For these reasons, bag filters are used 
almost exclusively in large-land based industrial sources and not in the marine or the 
automobile sector (12). 
Precipitators function by electro-statically charging the dust particles in the gas stream. The 
charged particles are then attracted to and deposited on plates or other collection devices. 
When enough dust has accumulated, the collectors are shaken to dislodge the dust, causing it to 
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fall with the force of gravity to hoppers below. The dust is then removed by a conveyor system 
for disposal or recycling. Depending upon dust characteristics and the gas volume to be treated, 
there are many different sizes, types and designs of electrostatic precipitators (16). The 
particulate reduction achieved is good, the pressure drop is low and the high exhaust gas 
temperature does not pose additional problems. However, these systems are extremely bulky 
(figure 10) and too expensive. Moreover, the waste disposal problem remains and there are 
additional electrical risks due to high voltage, rendering them not viable systems for marine 
installations (12).   
Scrubbers are special devices that are used to remove particulates from industrial exhaust 
streams. These systems work via the contact of the target compounds with the scrubbing 
solution which may simply be water (for dust) or solutions of reagents for targeting specific 
compounds. Removal efficiency of pollutants is improved by increasing residence time in the 
scrubber or by the increase of surface area of the scrubber solution (18). Although such systems 
are very efficient concerning SOX reduction (figure 11), it remains unclear whether are 
appropriate for reducing PM emissions (12).    
 
 
Figure 8: Diesel particulate filter 
 
Figure 9: Cylindrical electrostatic 
precipitator in waste incineration plant 
(17) 
 
 
Figure 10: Bag filter (15) 
 
Figure 11: Desulphurisation scrubber (18) 
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1.4 Exhaust Bypass System 
 
The Exhaust Bypass System or EBS has been developed in the Laboratory of Marine 
Engineering of the National Technical University of Athens as an emission control device for 
reducing smoke of marine diesel engines of high-speed vessels operating in environmental 
sensitive areas.  
The EBS mainly takes advantage of the DPF technology as it features two diesel particulate 
filters. Therefore, it can be considered as an after-treatment emission abatement method. 
Although the reduction method is based on technology already-in-use, it’s the first DPF system 
that is referring to marine applications. In addition, this system is designed to be easily applied 
to existing marine installations as a retrofit solution for emission control. As a consequence, 
apart from some necessary modifications that had to be made, the system functions in a quite 
different manner in relation to the usual DPF systems. Conventional DPF applications consist of 
a diesel particulate filter that collects PM emissions throughout the whole engine operation. 
Despite the fact that this method produces good results as the emissions reduction is 
concerned, the system suffers from early filter contamination, due to clogging, which leads to 
need for premature filter replacement. Filter manufacturers have developed many methods 
(some of them somewhat sophisticated) for addressing this problem. Nevertheless, these 
methods cannot be applied on vessels because of the stringent safety regulations. That’s why a 
new system for achieving high smoke emission reduction and simultaneously avoiding early 
filter contamination needed to be developed. 
The EBS satisfies these prerequisites as it consists of a bypass duct which leads the exhaust 
gas to two diesel particulate filters for as long as it is required. In contrast to diesel engines 
operating on-road, marine engines are more steadily loaded. Thus, the periods in which the 
engines work in transient loadings can be easily distinguished. The EBS activates only during 
these periods by opening the valve which leads the exhaust gas to the bypass duct and then to 
the filters, whilst the valve, which controls the exhaust gas flow through the main duct, closes 
(figure 12). The filters collect all unwanted products of incomplete combustion during the 
transition of the engine load from low to high levels, and when the engine reaches steady state 
conditions, EBS deactivates via the reposition of the valves to their initial positions. In this case, 
the exhaust gas remains unfiltered but without increasing the smoke emission as the engine 
works properly and the combustion is complete. In this way the filters are not burdened from 
unnecessary soot loading and are kept functional until their replacement which takes place 
during ship maintenance intervals. 
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Figure 12: The exhaust bypass system (EBS) at LME/NTUA
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Chapter 2: Diesel Particulate Filter Technology 
2.1 The Particulate Filter 
 
The particulate filter is today the most efficient device for reducing diesel soot emissions, 
attaining filtration efficiencies of the order of 90%, at nominal operation conditions. Soot 
filtering is especially important in the case of worn-out diesel engines with poorly controlled fuel 
combustion. However, specific application problems have limited the use of particulate filters, 
mainly on city buses, some delivery trucks and fork lift trucks (figure 13) (19). Due to the new 
emission standards (Euro VI, Tier II, etc) that impose further PM control, intensive research is 
being carried out aiming at developing diesel filter systems suitable for a wider application to 
commercial vehicles or passenger cars. In addition, future PM emission limits, introduced by 
United States Environmental Protection Agency (US-EPA), render DPF technologies necessary 
also for marine Diesel engines.  
The particulate filter concept has focused research and development activities around the 
world, and a variety of systems is offered by various manufacturers. A trap oxidiser system is 
based on a durable temperature resistant filter, which removes particulate matter from the 
exhaust before it is emitted in the atmosphere. The accumulated particulate raises the filter 
backpressure, i.e. the pressure difference across the filter which is necessary to force the 
exhaust through it. The typical backpressure level depends on the filter type, and increases as 
the filter becomes loaded with particulate. High backpressure is undesirable because it raises 
the engine cycle pumping work and eventually the exhaust gas enthalpy. As a consequence, it 
reduces the available engine power and increases the thermal load and the fuel consumption of 
the engine.  Therefore, minimizing mean backpressure levels while still maintaining acceptable 
filtration efficiency in a reliable, durable, compact and low cost system constitutes the major 
goals of particulate filter design (20). 
The most proof-worthy trap oxidiser for controlling diesel particulate matter is the wall-flow 
ceramic monolith filter (figure 14) which is characterised by high trapping efficiency, 
temperature tolerance, high demonstrated durability and moderate cost (20). Ceramic 
monoliths are the most common type of diesel filter substrate. It is a honeycomb structure 
made from porous ceramic material. The adjacent channels of the honeycomb are alternatively 
plugged at each end in order to force the diesel aerosol through the porous substrate walls, 
which act as a mechanical filter. The particulates cannot flow through the wall and are 
deposited in the channel walls. To reflect this flow pattern, the substrates are referred to as the 
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wall-flow monoliths (figure 15). The main advantage of the wall flow particulate filter is the high 
surface area per unit volume, which combined with the high collection efficiencies, makes this 
technique very attractive. The filter walls have a porous structure that is carefully controlled 
during the manufacture process. Typical values of material porosity are between 45 and 50% 
while the medium pore size varies in the range between 10 and 20μm (21). 
 
 
Figure 13: Particulate filter of HDD engine 
 
 
Figure 14: Trap oxidiser featuring an 
oxidization catalyst and a DPF (21)  
 
 
Figure 15: Schematic representation of 
flow pattern in a wall flow monolith (21)
 
The particulate collection mechanisms can be categorised as follows (21):  
 Depth filtration where the particles with a mean diameter lower than the filter 
porosity are deposited inside the porous material due to a combination of 
mechanisms that are driven by various force fields 
 Cake filtration where the particles are deposited on the channel wall through 
sieving 
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The depth filtration relies on three mechanisms of aerosol deposition (21):  
 Diffusional deposition 
 Inertial deposition  
 Flow stream-line interception 
These mechanisms are illustrated in figure 16 where the large circle in the middle represents a 
collecting body in the filter media; say a fibre of a filter. Diesel exhaust gas flows around the 
filter media, as indicated by the streamlines. The small black-red spheres represent diesel 
exhaust particles travelling with the gas stream. 
 
 
(a) 
 
(b) 
 
(c) 
Figure 16: Depth filtration mechanisms: (a) Diffusional deposition, (b) Inertial deposition, (c) 
Flow stream-line interception (21) 
 
Diffusional deposition (a) depends on the Brownian movement exhibited by smaller particles, 
particularly those below 0.3 μm in diameter. Those particles do not move uniformly along the 
gas streamlines. Rather they diffuse from the gas to the surface of the collecting body and are 
deposited there.  
Inertial deposition (b), also called inertial interception, becomes more important with increasing 
particle size (mass). While these bigger particles are approaching the collecting body, because of 
their increased inertia, they cannot follow the stream-lines and they strike the obstruction.  
Flow stream-line interception (c) occurs when a fluid stream-line passes within one particle 
radius of the collecting body. Then, a particle travelling along the streamline touches the body 
and is collected without the influence of Brownian diffusion or inertia (21). 
As far as the filter material is concerned, two types are commonly established: cordierite 
and silicon carbide. Cordierite is a synthetic ceramic developed for flow-through catalyst 
substrates and subsequently adapted for the filter application. Silicon carbide or SiC has been 
used for a long time in a number of industries for such applications as semiconductors, 
abrasives, or high temperature/molten metal contact materials. More recently, it was 
successfully introduced as a diesel filter material. Cordierite substrates perform satisfactory in 
most heavy-duty applications with high exhaust temperature. However, cordierite is more 
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susceptible to thermal stresses. SiC has higher maximum operating temperature limits and 
better durability in high thermal stress applications, but it also has higher weight and it is more 
expensive (21). 
Nowadays, in the automotive industry metallic monolith is being developed as the best 
material for trap oxidisers due its characteristics which induce some important advantages over 
the ceramic monolith. The construction of this type of filters resembles a streamer as it consists 
of two corrugated metallic sheets, which are wrapped and formed in layers and via a welding 
they compose the compact body of the monolith (figure 17). The most commonly used material 
is steel of high endurance to heat and corrosion and appropriate for welding and for 
‘’accepting’’ the catalytic coating. The placement of the metallic monolith is easier since there is 
almost no dilatation between the monolith and the shell of the filter and there is no need for 
the intermediate compensatory material which is necessary for the ceramic monolith. In 
addition, due to the fact that metallic substrates have sinusoidal channels, while the ceramic 
ones have square cells (figure 18), the metallic monolith exhibits smaller exhaust backpressure 
for the same catalytic effect. Furthermore, the risk for melting is smaller due to the metal’s high 
thermal conductivity and the size is reduced because of the increased catalytic area. However, 
the material for the construction of the metallic monolith is more expensive, it is more 
vulnerable to high temperatures, especially those above 1100 oC, and there is always the risk of 
welding break which will lead to the separation of the two corrugated sheets (22). Therefore, for 
the time being this type of filter is inappropriate for large DPF applications where the more state 
of the art materials are dominant.    
 
 
 
Figure 17: Monolithic substrates (23) 
 
 
Figure 18: Monolithic cells (23)
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2.2 DPF Regeneration Strategies 
 
The biggest challenge that DPF systems face is their early-clogging due to accumulation of 
the collected PM inside the filters. The reduction of the exhaust flow through the filters is 
directly translated to an increase of the engine backpressure which is undesirable because it 
leads to worse engine performance. That is why it is necessary to clean the filter periodically by 
burning off (oxidizing) the collected particulate; this process is known as regeneration. Under 
the conditions met in diesel exhaust systems, regarding exhaust flow and oxygen concentration, 
the required reaction rates for complete regeneration are attained at temperatures above 
550oC. Exhaust temperatures of that order are observed only at high load operation of the diesel 
engine. Thus, special regeneration techniques are employed, that fall into three broad 
categories (19): 
 Thermal regeneration by use of engine measures or by the supply of external 
energy 
 Catalytic regeneration (catalytically coated filter or fuel doping) 
 Aerodynamic cleaning (using compressed air to remove the soot) 
In the first category, a significant fuel consumption penalty must be foreseen to supply the 
additional energy (i.e. burners, electrical igniters, etc) required for regular thermal regeneration. 
This can be achieved with the incorporation of an air assisted burner or HC doser. The latter is a 
system where fuel is injected upstream of a special catalyst where the injected fuel is thermally 
converted.   Nevertheless, there is also the possibility of implementing engine measures in order 
to raise the trap inlet temperature. For instance, the throttling of the engine exhaust results to a 
rise of the engine cycle pumping work, and eventually to a rise of the mean effective pressure 
and temperature of the high-pressure loop of the engine cycle. The energy balance of the 
exhaust throttled engine shows that an increased portion of the fuel energy per cycle is 
dissipated as exhaust gas enthalpy. This causes the onset of regeneration (20).  However, the 
PM oxidization at elevated temperatures may lead to local thermal shocks or in a worse case to 
uncontrolled burning which can eventually destroy the filter.   
Catalytic regeneration, on the other hand, is based on the use of catalysts to achieve the 
onset of regeneration at significantly lower temperatures. The catalyst may impregnate the 
porous ceramic wall or be used as a fuel additive, which is emitted and accumulated in the filter 
together with the particulate. The use of catalysts is critical to the design of a successful diesel 
filter system, because it ensures minimum backpressure, as well as filter regeneration at 
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temperatures below 350oC, although stochastic regenerations may be observed even down to 
200oC (19).    
The design of successful catalytic fuel additive assisted trap systems depends on the 
solution of problems related to filter durability and additive ash accumulation. The disadvantage 
of the additive currently being used is that it causes extra ash build up in the diesel particulate 
filter and therefore, with increasing mileage accumulation, makes it necessary to clean the filter 
or even to replace it (21). 
The catalysed ceramic traps or wash-coated filters were developed in the early 80’s. Their 
first applications included diesel powered cars and, later, underground mining machinery. The 
main component of the filter is the ceramic (cordierite, SiC) wall-flow monolith whose porous 
walls are coated with an active catalyst. Many materials, that are catalytically active in soot 
oxidation, have been studied in the last 20 years and have been tested as coating of a 
particulate filter. These materials are mainly oxides of base metals (Ba, Ca, Ce, Co, Cr, Cu, Fe, La, 
Mn and V) and noble metals (Pd, Pt) as well as mixtures of base and noble metals. The main 
drawback of these systems is that pure contact between the catalytic coating and the soot 
particles is indispensable. Therefore, if the distance is too high, catalytic action cannot take 
place. Only the particulates that are in direct contact with the catalytic coating are able to 
oxidise. Another problem of catalysed filters is the generation of sulphates by catalytic oxidation 
of the exhaust SO2 to SO3, at high exhaust temperatures. The gaseous SO3 can penetrate the 
porous walls and freely leave the filter. Combining with water it forms sulphate particulates that 
increase the total PM output especially in case of fuels with high sulphur content (21).  
Apart from the active regeneration systems described above, new systems for filter 
regeneration have been developed. These systems are called passive regeneration systems 
because filter cleaning is continuous and does not need activation. The CRT (Continuously 
Regenerating Trap) particulate filter is a patented emission control technology that is based on 
the presence of NOX in the exhaust gases. The main parts of a CRT filter (figure 19) are a 
Platinum (Pt) catalyst and a particulate filter. It is modularly engineered as a totally passive 
emission control system, which does not require the use of supplemental heat. The CRT 
particulate filter functions on the basis that soot will oxidise in the presence of NO2 at a lower 
temperature than with O2. In fact, this lower temperature is compatible with the typical exhaust 
temperature from diesel engines. The device is made up of two chambers where the oxidation 
step is separate from the soot collection - combustion process. The first chamber contains a 
substrate coated with a proprietary, highly active Pt oxidation catalyst which is designed to 
oxidise a portion of the NO in the exhaust to NO2, which is the key to the oxidation of soot 
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collected by the CRT filter. The catalyst also converts CO and HC into CO2 and H2O. In the second 
chamber, the exhaust flows through a particulate filter, where soot is trapped on the walls of 
the filter. The trapped soot then is destroyed by the NO2 produced by the catalyst in the first 
chamber. This particulate filter may be uncoated or it may be coated with Pt to further enhance 
the reaction of soot with NO2. The basic requirements for maximum PM reduction with the CRT 
particulate filter are ultra low sulphur fuel, an average exhaust temperature of 260oC and a 
NOx/PM ratio of at least 25. For use on higher sulphur fuels the basic requirements are exhaust 
temperatures above 350oC with NOx/PM ratio above 25 (21). 
Except for the CRT, there is also a more advanced regeneration system capable to reduce 
diesel particulate matter attaining low oxidation temperatures. This system takes advantage of 
the sharp increase of soot oxidation rate in air that has been ionised by an electric arc (thermal 
plasma) at temperatures in the range of 200 to 450oC. This is attributed to some reactive species 
generated in plasma, such as O and OH radicals or NO2 that facilitate the oxidation of soot 
particles at low temperatures.  
Two reactor configurations have been proposed to achieve this objective in a plasma 
device:  
 Two-stage reactor, where a diesel particulate filter (DPF) is positioned downstream 
of a plasma generator. The role of plasma in the two-stage configuration is to 
generate NO2 and, possibly, O3, which can oxidise particulates in the filter. However 
the applicability of this kind of system is questionable, due to the production of 
NOX.  
 Single-stage reactor, where a packed bed plasma reactor acts as the PM trapping 
device (figure 20).  
 
 
Figure 19: A CRT filter system (21) 
 
Figure 20: A plasma regeneration system 
(21) 
 
21 
 
In both configurations the plasma generator may be controlled and actuated by the engine 
management system in order to operate intermittently according to each engine operation 
condition, which is characterized by different soot emissions (21). 
Finally, the filters can also be aerodynamically cleaned with compressed air, injected 
periodically and in different positions in order to sweep the whole surface of the filter. In this 
case, bag-houses to collect the dislodged soot particles are needed, as well as adequate 
compressed air supply. For the time being, such a system is only experimental and is considered 
as part of an emission control device which features DPF for soot emission reduction and EGR 
for reducing NOX production. The particulate trap is rotated and cleaned with intermittent 
(pulsed) compressed air at specific time periods which allow low air consumption and lightly 
soot loaded filter. The cleaning air stream, after passing through the trap, is conducted to a 
fabric bag, enclosed in a sealed container (bag-house), where the particulates are finally 
collected, while part of the soot-free exhaust gas is led to the engine (EGR) to reduce the 
cylinders peak temperature and pressure. The collected soot is either discarded or burned in a 
separate incinerator (24).  
Although with the techniques described above the filters can be kept clean for a relatively 
long period of operation, there is another factor that gradually downgrades the filters function 
and efficiency. This factor is the accumulation on the filter of non-oxidisable particulates, such 
as sulphates and ash, which results in a build-up of residual pressure drop. Sulphates production 
can be limited by adopting either desulphurisation strategies or by using fuels with low sulphur 
content. On the other hand, ash production and accumulation on the filter cannot be easily 
controlled. Nevertheless, recent studies have shed some light onto the ash mass balance puzzle, 
demonstrating that the amount of ash collected on filters might be less than 50% of the ash 
expected based on lube oil consumption. Moreover, the reason for the high ash accumulation 
on filters is due to their high trapping efficiency of ultrafine particles, typically more than 99%, in 
the size range of the fundamental ash particle. However, an initial ash layer is beneficial to the 
filter function as it prevents the penetration of ultrafine soot particles into the walls which may 
cause a marked increase in backpressure. As far as the ash removal is concerned, it can be 
achieved aerodynamically by injecting compressed air in the filter. In addition, for removing 
stubborn ash, water can be used although special caution must be given as it may impact mat 
materials (6). 
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2.3 DPF System Design for Marine Applications  
 
In order to achieve high trapping efficiency as well as prolonged period of proper operation 
of a DPF system, several parameters have to be considered for optimizing the system design, 
especially if it is referring to marine applications where there is not such experience as in the 
automotive industry. These parameters include the DPF substrate material that is going to be 
used, the filter dimensions, the cell density and finally the regeneration strategy that is going to 
be followed.  
As far as the DPF substrate selection is concerned, a general challenge is the limited ash 
storage capacity of certain DPF substrates. In some cases the DPF was blocked after less than 
700 operating hours contrary to the expected design maintenance interval of 3,000 to 4,000 
hours. For marine applications, an acceptable duration would be in the range of a maintenance 
interval, typical for marine Diesel engines after approximately 12,000 to 16,000 hours. In the 
ideal case it would be equivalent to approximately 24,000 to 36,000 hours before exchange of 
the substrates is required. As a consequence, based on the actual achieved operating hours of 
the filter mentioned above, a 17 to 51 times larger DPF would be required to reach the desired 
operating hours (25). In addition, ash amount deriving from not only the lube oil, but also from 
the fuel oil as well should always be considered due to the different ash content of the marine 
distillate oil. Therefore, the DPF should have an ash storage capacity of 300 to 400 liters 
depending on the desired operating hours (12,000 – 16,000 hours). Furthermore, as a rule of 
thumb from automotive, a filled DPF must not lose more than 20% of its free volume for ash 
storage due to the induced backpressure. Hence, the resulting free volume required is much 
bigger rendering the DPF system very bulky since it would be 8 times larger than a typical SCR 
system for the same engine. That is why, to circumvent such unrealistic DPF space 
requirements, DPF substrates with lower PM reduction efficiency but ash penetration capability 
need to be applied. This can be achieved by selecting a special substrate cell structure (figure 
21) as well as a suitable cell density. For choosing the appropriate cell density, a compromise 
must be found between maximising the available substrate surface area within a fixed volume 
and the risk of blocking of the small cells. Due to the lower trapping efficiency of the special DPF 
substrate, a PM reduction of only 50% should be envisaged. Moreover, a resulting backpressure 
2- 5 times above the currently allowed for serial marine Diesel engines should be considered 
depending on the DPF soot load (lower values for unloaded or respectively fresh regenerated 
state, while higher values for loaded state respectively before regeneration).   
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Figure 21: Special DPF substrate variant with zoom of the cell structure 
 
As far as the DPF regeneration strategy is concerned, active regeneration by an exhaust gas 
burner upstream the filter is a trustworthy solution although noticeable increased fuel oil 
consumption has to be considered (25). However, according to automotive applications, passive 
regeneration is also possible with sulphur free fuels (the upper limit of the sulphur content of 
the fuel depends on the sulphur tolerance of the catalytic coating) and at exhaust gas 
temperatures above 230oC. A CRT system is of course the most desired option for this kind of 
application. In addition, the required exhaust gas temperature (above 230oC) can be provided by 
marine Diesel engines under normal operating conditions. Nevertheless, a device for an 
additional exhaust gas temperature rise above the normal operating conditions cannot be 
omitted completely due to the required elevated exhaust gas temperatures for the 
desulphurisation strategy of the catalytic coating. Moreover, a possibility for active regeneration 
needs to be considered as a backup solution for a fail-safe DPF operation on board ships.  This 
requires a temperature rise up to 600-650oC, which is far beyond what is experienced today for 
medium speed marine Diesel engines. Furthermore, for the desulphurisation of a catalytic 
coating, a temperature rise to 500-550 oC is needed. For these reasons, the incorporation of an 
air assisted burner or a HC-doser is necessary with the latter being a more compact and 
probably less complex solution. However, the collected soot, respectively EC, as well as the 
injected fuel of the HC-doser poses a serious fire hazard onboard a ship. For the time being, 
strict safety regulations don’t allow the installation of burners in the exhaust system due to the 
fire hazard, so there isn’t any existing installation of this kind on a ship. In the future, the need 
for high PM reduction of marine diesel engines will impose the installation of DPF systems on 
ships. Therefore, a thoroughly monitoring of the DPF system behaviour and additional control 
measures are necessary before such a system can be operated safely on a vessel.   
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By using special DPF substrates with reduced PM trapping ability, EC reduction is expected 
to be almost on the same level of a conventional DPF substrate of 99% trapping efficiency. 
However, reduction of the organic fraction (SOF) is expected to be limited to 30-60% for sulphur 
tolerant but not precious metal catalytic coating. The biggest drawback of conventional precious 
metal catalytic coatings is that they deteriorate quickly due to the presence of catalyst poisons 
in the fuels. As a consequence innovative catalytic coatings have been developed recently in 
order to exploit their higher reduction capability of the SOF and at the same time to enable the 
application of passive regeneration strategies. This provides the possibility for minimizing the 
additional energy consumption for regeneration. 
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2.4 DPF Selection for the Exhaust Bypass System  
 
The Exhaust Bypass System (EBS), that has been developed and installed in the LME/NTUA, 
takes advantage of the DPF technology as it features two particulate filters for reducing PM 
emissions. During the EBS design three solutions regarding the particulate filter were suggested. 
The first constructional solution was proposed from the company HUG Engineering and included 
one square DPF, made of SiC, with a diameter of 500 mm and volume of 175 liters. The cell 
density of the filter was 177 cells per inch with an average wall thickness of 12 mils (thousandths 
of an inch). Several computational simulations were carried out and produced some interesting 
results that are presented in figure 22. When the filter was cleaned, the pressure drop was 15 
mbar while in the loaded state (100g of soot) it only rose to 30 mbar. Such a low pressure drop 
is undesirable since it leads to significant maldistribution of the flow inside the filter because the 
exhaust gas flows only through the central core of the filter and most of the soot is deposited 
there (26). For this reason the suggested filter from HUG Engineering was rejected because it 
was considered oversized.  
 
Figure 22: Calculation of pressure drop and regeneration temperatures of the HUG 
Engineering filter based on a certain regeneration scenario with 100g initial filter soot load 
(26). 
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The second constructional solution, which was proposed from the company Mine-X, 
included one cylindrical DPF made from  cordierite, with a diameter of 350 mm and volume of 
70 liters (much smaller from the first DPF proposed). The cell density of the filter was 100 cells 
per inch with an average wall thickness of 17 mils. The same computational simulations as in the 
first case were carried out and demonstrated that when the filter was cleaned, the pressure 
drop was higher (25 mbar) in relation to the oversized filter, while in the loaded state (100g of 
soot) it rose to 100 mbar (26). A pressure drop of this level is considered acceptable as it is 
below the limit (120 mbar) that manufacturers define for proper engine operation.  
The third constructional solution was proposed from the company DCL and included two 
cylindrical DPFs made from cordierite. Each filter had a diameter of 267 mm and volume of 24.2 
liters. The selected DPF substrate was the same as in the second case since the cell density was 
100 cells per inch and the wall thickness was 17 mils. The computational simulations (figure 23) 
predicted an initial pressure drop of 40 mbar for clean filters and 140 mbar for the loaded state 
(26).  
 
Figure 23: Calculation of pressure drop and regeneration temperatures of the DCL filter based 
on a certain regeneration scenario with 100g initial filter soot load (26). 
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In table 2 the three proposed constructional solutions regarding the DPF selection, are 
presented (26). Although the second solution from Mine-X was considered suitable for the 
specific application, difficulties regarding the filter supply, as well as the possibility for 
investigating the performance of two DPFs in the EBS led to the selection of the third solution, 
proposed from DCL. The two particulate filters were removed from trucks, then cleaned 
(regenerated) and delivered at the laboratory (figure 24). Despite the relatively high pressure 
drop that was predicted in the loaded condition (140 mbar for 100g of soot) the installation of 
two filters allows each time the removal of the more loaded filter so the system without 
interrupting the system operation. As far as the selected regeneration strategy is concerned, the 
EBS doesn’t predict any active or passive regeneration system.  If a filter is loaded at an 
undesirable level, it will be removed and placed in special furnaces where the soot will be 
oxidised. Then the clean filter will be re-installed on the system. 
 
Constructional solution 1st 2nd 3rd 
Manufacturer HUG Engineering Mine-X DCL 
Diameter (mm) 500 (square) 350 (cylindrical) 267 (cylindrical) 
Length (mm) 700 570 432 
Components 1 1 2 
Overall volume 175 70 48.4 
Cell density (cpsi)/Wall thick. (mils) 177/12 100/17 100/17 
Substrate material SiC Cordierite Cordierite 
Δp clean filter (mbar) 15 25 40 
Δp loaded filter (mbar) 30 100 140 
 
Table 2: Suggested solutions regarding the DPF selection (26) 
 
 
Figure 24: The two DCL particulate filters (26) 
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Chapter 3: Exhaust Bypass System Overview 
3.1 System Description 
 
The Exhaust Bypass System or EBS is an after-treatment emission control device which 
takes advantage of the DPF technology by featuring two particulate filters. However, it differs 
from the conventional DPF systems since its design enables the selective reduction of the 
prominent smoke (PM) emissions of marine diesel engines. The system is named EBS because it 
is characterised by the presence of a bypass duct connected to the main exhaust duct. The 
initially conceived idea comprises the activation of the EBS only during engine transient 
loadings, such as engine start-up or sharp increase in the engine load, when there is high PM 
(smoke) production. The eventual smoke reduction is achieved by leading the exhaust gas 
through this bypass duct and then to the particulate filters that collect the increased PM 
emissions of the engine1. When the engine operates in steady-state conditions and smoke 
emissions are less, the EBS deactivates by allowing the exhaust gas pass through the main duct 
and then to the atmosphere unfiltered. The selective exhaust filtering is far from being optional 
since it is the only way to avoid early filter-clogging due to the exhaust content in ash and PM 
that contaminates the filters2. The exhaust gas flow control, which is necessary for the EBS 
operation, is achieved by two butterfly valves which open and close alternately and determine 
the EBS activation – deactivation. The valves are positioned by pneumatic actuators which are 
electro-pneumatically controlled via the respective positioners.   
 The system efficiency is a measure of two dependent variables: the accomplished smoke 
emission reduction and the engine backpressure developed from the filters presence. Thus, the 
respective sensors that measure exhaust opacity and exhaust pressure across the filters are 
considered as an integral part of the EBS. Furthermore, additional sensors that measure the 
overall system backpressure and the exhaust temperature before the filters and the bypass duct 
are considered major parts of the EBS. The system parameters are limited only to the exhaust 
gas flow control since the amount of the exhaust gas to be filtered determines uniquely the 
system efficiency. Finally, the system provides the potential of leading part of the exhaust gas 
through the filters (by the simultaneous opening of the two valves) which can further increase 
the system efficiency. As a consequence, a possible sensor that measures the exhaust gas flow 
before and after the bypass duct has also been considered. The EBS is presented in figure 25.
                                                          
1
 See section 1.4 p.13 
2
 See section 2.3 p.22 
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Figure 25: The exhaust bypass system overview at LME/NTUA with sensors and actuators 
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The EBS is to be installed in the exhaust gas processing unit (room I.13) of the LME of the 
NTUA. For the implementation of the necessary experiments the laboratory is equipped with a 
state of the art engine testing facility which features two diesels engines.  The first one is an 
MAN-B&W Holeby L16/24 5-cylinder, 4-stroke turbocharged diesel engine of a maximum power 
of 500 kW and maximum speed of 1200 rpm (figure 26). The engine is mainly used for ship-
board electric power generation and is coupled via a shaft and an elastic coupling with an AEG 
electric dynamometer which allows complex transient loadings. One of the main features of the 
MAN-B&W Holeby L16/24 engine is that it offers the possibility for optional fuelling with HFO as 
well as with MDO. The second engine is a Caterpillar 3176, 4-stroke turbocharged diesel engine 
with 6 cylinders in-line, having a maximum power of 448 kW and a maximum speed of 2300 rpm 
and mainly used for propulsion of small vessels or for electric power generation (figure 27). This 
engine is equipped with an electric starter and runs on diesel oil. It is coupled with a 
Zoellner hydraulic dynamometer via a cardan coupling and can simulate either stationary 
operation (gen-set) or a propeller curve operation. Both engines specifications are presented in 
table 3. The two engines have a common exhaust system that passes through the exhaust gas 
processing unit and then to the funnel (figure 28). The outer diameter of the exhaust system 
duct is 323.8 mm while the inner diameter is 313.5 mm which is somewhat oversized 
considering the latest exhaust gas flow measurements of the larger, especially in terms of 
volume, engine (MAN B&W L16/24) which at 90% engine load provides 0.955 kg/s of exhaust 
gas. However, the fact that the exhaust system is common and oversized for both engines offers 
the possibility for simultaneous engines operation.     
 
 
Figure 26: MAN B&W 
Holeby L16/24 
 
Figure 27: Caterpillar 
3176B 
 
Figure 28:  Exhaust 
pipeline system
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Engine MAN B&W Holeby L16/24 Caterpillar 3176B 
Operation cycle 4-stroke 4-stroke 
Cylinders number 5 6 
Cylinders configuration In-line In-line 
Diameter 160 mm 125 mm 
Stroke 240 mm 140 mm 
Volume 24 liters 10.3 liters 
Compression ratio 15.5 : 1 16 : 1 
Maximum pressure 180 bar - 
Mean effective pressure 20.7 bar 22.7 bar 
Maximum power 500 kW 449.3 kW 
Nominal speed 1200 rpm 1900 rpm 
Maximum speed 1200 rpm 2300 rpm 
 
Table 3: Engines Specifications 
The majority of the experiments are to be conducted with the Caterpillar 3176B engine so 
during the DPF selection3 for the EBS a series of computanional simulations were conducted to 
investigate the selected DPF performance (figure 29).    
 
Figure 29: Calculation of pressure drop and regeneration temperatures of the DCL filter based 
on a certain regeneration scenario with the CAT 3176B engine and with 100g initial filter soot 
load (26).
                                                          
3
 See section 2.4 p.25-26 
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3.2 System Efficiency Evaluation 
 
The EBS efficiency is assessed by simultaneously measuring the smoke emission reduction 
achieved and the backpressure developed across the two particulate filters. The first variable is 
a measure of the system performance while the second variable is a direct indication of the 
system influence on the engine operation. Both depend on the amount of the exhaust gas being 
bypassed and led to the filters and are considered important since each one is proportional to 
the other; higher smoke emission reduction means more PM being collected on the filters which 
immediately increases the system backpressure and vice versa. High backpressure is considered 
undesirable since it increases the engine thermal load and the fuel consumption. For this reason 
sensors that can accurately estimate the smoke emission and the pressure drop across the 
filters are considered vital parts of the EBS.  
 
3.2.1 Smoke Emission Measurement 
 
In order to estimate the smoke emission of an engine several methods have been proposed 
which include either thermal processes (e.g. combustion) or optical ones. For the optimisation 
of the EBS a quick and accurate measurement of the smoke emission is necessary so a suitable 
method must be selected.  
Thermal methods can provide information of the organic compounds (mainly EC) in the 
exhaust gas and several protocols have already been developed. However, special laboratory 
equipment is needed as the particulate sample is collected and heated in ovens in order to 
measure the produced CO2. As a consequence, thermal methods are considered inappropriate 
for the specific application (EBS) as they cannot satisfy the need for quick and continuous smoke 
emission measurements during engine transient loadings.  
As far as the optical methods are concerned, many standards have been developed since 
their applicability has rendered them very popular. These methods directly relate smoke 
emission to light absorption so measurements depend highly on light wavelength and sampling 
parameters. The most reliable instruments for measuring smoke, based on optical methods, are 
the aethalometers or filter smoke meters. These instruments measure light absorption changes 
due to filter paper blackening caused by a sample gas drawn through the filter (12). Although 
they are considered simple and robust instruments, they cannot measure smoke in transient 
conditions due to the extended sampling period. For this reason, they are unsuitable for the 
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EBS. Other optical instruments for measuring smoke are the opacity meters which measure the 
light attenuation caused by the sample gas. Although these instruments provide simple and 
quick measurements, their accuracy is disputed since some light attenuation may be a result of 
redirection (scattering) instead of absorption. However, opacity meters are suitable for 
measurements on engine transient loadings due to their small sampling period. Therefore, a 
sensor of this kind is to be installed on the EBS.  
Several other methods for measuring smoke have also been proposed, such as the 
photoacoustic one, which includes firing the sample gas with intense laser light. The light 
absorptive particles, which are hit by the laser, heat up rapidly and make noise. Then, the noise 
is detected and the particulate concentration is evaluated. Although this method measures light 
absorption directly, it does not give complete information of light over different wavelengths, it 
requires dilution prior to measurements from diesel engines and has high maintenance 
requirements. Furthermore, it isn’t a standardised method so its applicability is limited (12).    
Recently, new methods for smoke identification have been developed although further 
experience is needed before such methods are widely applied. For example, instruments that 
measure PM (smoke) based on the triboelectric effect have been produced, featuring a 
protruding probe (figure 30) that is inserted into the exhaust flow and measures the electrical 
charge which the soot particles experience due to friction (27). Unfortunately, despite the 
simplicity of their operation, they require constant exhaust gas speed so they are not suitable in 
diesel engines applications. In addition, new compact sensors for PM measurement after DPF 
applications are under development (figure 31). Such sensors contain special configurations 
which due to PM deposition create conductive contact between two electrodes that are under 
constant voltage. The sensors measure the induced electric current which is directly related to 
the PM deposition. Then, the deposited PM is oxidised via regeneration processes so that new 
measurements can be obtained (28).  
 
 
 
Figure 30: PM measurement instrument 
based on the triboelectric effect (27) 
 
 
Figure 31: PM compact sensor (28) 
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3.2.2 The G1000 Smoke Density Monitor  
 
For measuring the reduction of the smoke emission achieved by the EBS, an opacity meter 
capable of providing accurate and quick measurements has been chosen. The manufacturer is a 
Danish company named Green Instruments A/S and the selected model is the G1000 Smoke 
Density Monitor. It is designed to monitor optically smoke emission in uptakes after boilers, 
incinerators and engines and provides prompt and accurate response to the smoke density since 
it is positioned directly on the exhaust flow and it doesn’t require collecting sample gas. As a 
result this smoke sensor is considered ideal for the EBS as its signal can be incorporated easily in 
a closed loop automatic system. Furthermore, it doesn’t depend on weather conditions or 
ambient light and considering its limited dimensions, this monitor is suitable for applications 
where flexibility and easy sensor mounting – removal are required.    
As a standard configuration, the G1000 Smoke Density Monitor (SDM) consists of the 
following main elements (29): 
 Opposed optic heads with lenses (figure 32 and 33) 
 Fiber optic cables (figure 33) 
 Purge air system 
 Monitoring unit with digital display (figure 34) 
The SDM uses a high-power infrared light beam. It is single pass system where the beam of light 
is transmitted from the optical fiber of the transmitter across the exhaust gas stack to the 
optical fiber of the receiver. The transceiver is an optic beam module amplifier which is placed 
inside the monitoring unit. The beam is absorbed and scattered by smoke causing a reduction in 
the amount of light received by the transceiver. The monitoring unit, which displays the opacity, 
indicates 0% if there is no opacity and 100% if the light beam is totally blocked. Apart from the 
digital display, the monitoring unit provides analogue signals in the form of current and voltage 
outputs of 4-20mA and 0-10V respectively. Higher signal values (20mA and 10V) correspond to 
0% opacity while the lower ones (4mA and 0V) indicate 100% opacity. The SDM overall 
specifications are presented in appendix I page 113. 
American regulations are in most cases based on absorption and employ the Ringelmann 
method (published by Prof. Maximilien Ringelmann in 1898) in which a trained observer makes 
visual estimate of the smoke appearance. It has a 5 levels of density inferred from a grid of black 
lines on a white surface which, if viewed from a distance, merge into known shades of grey. 
There is no definitive chart, rather, Prof. Ringelmann provides a specification; where smoke level 
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'0' is represented by white, levels '1' to '4' by 10mm square grids drawn with 1mm, 2.3mm, 
3.7mm and 5.5 mm wide lines and level '5' by all black (30). The Ringelmann chart serves for 
visual comparison of plume to the six levels of opacity as shown in figure 35. The alternative 
Bacharach scale compares the darkness of spots resulting on a filter paper after percolating a 
given amount of fumes (using a soot pump). Both methods are not directly convertible. The 
Bacharach scale is employed by IMO in its regulations on shipboard incinerators (MARPOL V) 
when limiting the emissions to Bacharach 3. Usually, this is interpreted to correspond to 
Ringelmann 1 (29). 
 
 
Figure 32: Optic heads of 
SDM 
 
Figure 33: Lenses with 
fibre optic cables  
 
Figure 34: The SDM 
monitoring unit 
 
 
Figure 35: Ringelmann scale for smoke density (30) 
 
For the SDM process connection, the optic heads are positioned on socket pipes (figure 36), 
made of ordinary mild steel, that are welded onto each side of the smoke channel. Furthermore, 
the SDM includes a purge air system which supplies clean and dry air (of 1-2 bar pressure) 
through a non return valve, an air distributor (figure 37) and two hoses (figure 38) to the head 
housings. The purge air supply is crucial to the SDM proper operation since it averts the lenses 
fouling from smoke. On the other hand, too much air velocity will affect the effective light path 
36 
 
length as it blows the exhaust gas out of the way. Therefore, for securing a sufficient, but not 
excessive air flow, an air supply filter regulator and a flow meter are optionally provided with 
the sensor. The volumetric air supply should be approximately 2×5 l/min and can be controlled 
using the flow control screw at the purge air connection of the head housing (29). An overall 
schematic representation of the G1000 SDM process installation is presented in figure 39. 
 
 
Figure 36: Pipe sockets for 
process connection 
 
Figure 37: Air distributor 
of purge air system 
 
Figure 38: Air hoses of 
purge air system 
 
 
Figure 39: Schematic representation of the G1000 SDM process installation (31) 
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3.2.3 System Backpressure Measurement 
 
In order to estimate the system backpressure that is developed due to the DPF soot loading, 
pressure sensors must be installed across the filters. Pressure sensors measure either absolute 
pressure (pressure related to perfect vacuum) or gauge pressure (pressure related to 
atmospheric pressure). There are also pressure sensors that measure the difference between 
two pressures, one connected to each side of the sensor. These are called differential pressure 
sensors and are suitable for measuring pressure drops across filters. As far as the sensing 
technology is concerned, the majority of pressure sensors are force collector types which 
generally use a force collector (such a diaphragm, piston, bourdon tube, or bellows) to measure 
strain (or deflection) due to applied force (pressure) over an area.   
The most common force collector pressure sensors take advantage of the piezoresistive 
strain gauge technology. The applied – measured pressure deforms an elastic diaphragm onto 
the ends of which are located four strain gauges which are connected to form a Wheatstone 
bridge circuit. The bridge balances when the applied voltage is zero. The deformation of the 
elastic diaphragm is measured via the strain gauges. As a result, the voltage output of the 
Wheatstone bridge varies accordingly to the applied pressure. The elastic diaphragm is usually 
made of silicon (32).   
Several other types of force collector pressure sensors exist such as (33):  
 Capacitive which use a diaphragm and pressure cavity to create a 
variable capacitor to detect strain due to applied pressure. 
 Electromagnetic which measure the displacement of a diaphragm by means of 
changes in inductance (reluctance). 
 Piezoelectric which take advantage of the piezoelectric effect of some materials 
(e.g. quartz) to measure the strain caused by the applied pressure. This technology 
is commonly employed for the measurement of highly dynamic pressures. 
 Optical which use the physical change of an optical fibre to detect strain due to 
applied pressure. This technology is employed in challenging applications where 
the measurement may be highly remote, under high temperature, or may benefit 
from technologies inherently immune to electromagnetic interference.  
 Potentiometric which use the motion of a wiper along a resistive mechanism to 
detect the strain caused by applied pressure. 
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For measuring the backpressure developed by the two particulate filters, four piezoresistive 
pressure transducers have been chosen. The need for measuring backpressure in terms of gauge 
pressure and not pressure drop has excluded the differential pressure sensors option. However, 
differential pressure measurements are considered necessary for estimating the filters soot 
loading. For this reason pressure sensors are to be installed before and after the filters4 so that 
simultaneous readings of system backpressure and pressure drop across the filters can be 
achieved.  
The four pressure sensors were acquired by the German company Wika and the selected 
model is the S-10 Pressure Transmitter (figure 40). This model offers continuous measuring 
ranges between 0…0.1 and 0…1,000 bar and is capable of operating with aggressive media such 
as exhaust gas (34). However, to ensure proper sensor operation the media temperature has to 
be maintained under 100oC, so special configurations must be realised in order to cool the 
exhaust gas to the desired temperature without affecting the sensor response. In order to 
achieve accurate and prompt backpressure readings a proper measuring range of 0 to 1 bar 
gauge pressure has been selected. The sensor provides two-wire current output of 4-20mA and 
its accuracy is defined as less than ±0.50% of the selected measuring span. Detailed sensor 
specifications are provided in appendix I pages 114 - 117.    
 
 
Figure 40: S-10 pressure transmitter (34)
                                                          
4
 See section 3.1 p.29 
39 
 
3.2.4 DPF Soot Load Estimation 
 
The system backpressure is highly related to the DPF soot loading since the accumulated 
PM impedes the exhaust gas flow through the filters.  As a consequence, pressure drop across 
the filters develops and the system backpressure increases. For this reason, a precise knowledge 
of the actual trapped soot mass inside the DPF is required. It is a state of the art to estimate 
indirectly the soot loading in a DPF via the measurement of the differential pressure developed 
across the filter combined with the use of specific on-line models. However, this method highly 
depends on soot characteristics and the exhaust flow rate through the filter. In addition, the 
estimation models need calibration in any new setup and to do this the soot load of the DPF 
must be known while tuning the parameters. Moreover, because it is difficult to know the soot 
distribution in the filter, the mass estimation based on the differential pressure sensor can be 
less accurate, especially for certain types of engine's operation cycles (35).  
However, a new approach, based on a microwave measurement technique, that enables 
direct and contactless in-operation soot load detection, has been developed. Microwaves are 
impressed into the filter by a vector network housing via coaxial antennas and the scattering 
parameters (transmission-reflection), which are a function of frequency, are measured. The 
filter canning acts as cavity resonator, in which the electro-magnetic waves form resonant 
modes at characteristic frequencies. These are highly influenced by the permissibility and 
conductivity of the filter. As the DPF is being loaded, the accumulated soot alters the system's 
conductivity, due to the soot's different dielectric properties, hence its resonant frequencies 
(figure 41). As a result this shift of the resonant frequencies as well as the respective changes in 
the attenuation of the radio waves can be measured to determine the soot load inside the filter. 
This method has already been used to control the active regeneration of diesel particulate filters 
in city buses. Despite its merits, however, there is a major and obvious drawback concerning the 
method's sensitivity. The high exhaust gas temperatures alter the resonator geometry and the 
system's electrical conductivity, leading to a decreasing resonance frequency (36). As a result, 
the soot load measurements depend highly on the exhaust gas temperature so necessary 
compensation has to be considered.  
In 2009 General Electric Sensing and Inspection Technologies announced the ACCUSOLVE 
Advanced Diesel Particulate Soot Sensor, also named the "soot sensor", which utilizes radio 
frequency technology to enable accurate measurement of accumulated soot in DPF, providing 
real-time soot loading data and real time closed loop control of the DPF regeneration process 
(37). The launch of the RF-sensor from GE demonstrated that the need for more precise 
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measurements of DPF soot load will lead to the gradual abandonment of the differential 
pressure measurement. Although the RF-sensor presents a clear temperature and soot 
distribution dependence, it doesn’t depend on the exhaust gas flow and its response is prompt 
and more accurate.  
For the time being, the lack of adequate experience, the high RF-sensor cost as well as the 
need for obtaining immediate reading of the system backpressure, led to the selection of the 
differential pressure measurement as the DPF soot load estimation method. For this reason 
except for the pressure sensors that are to be installed before the two filters, two additional 
similar pressure sensors are also to be installed after the filters5, so by extracting the readings of 
the pressure sensors across each filter, the respective soot load estimation can be derived.  
 
 
Figure 41: Resonant modes shift due to soot loading (36) 
 
 
Figure 42: Accusolve advanced DPF soot sensor (37) 
                                                          
5
 See section 3.1 p.29 
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3.3 Exhaust Gas Flow Control 
 
The only parameter that determines the overall system performance, hence its efficiency is 
the exhaust gas flow that is led through the particulate filters. Excessive exhaust gas flow 
through the filters will lead to a high increase of smoke emission reduction but also to an 
increase of system backpressure to undesirable levels as well as to early filter contamination. On 
the other hand, small exhaust gas filtration may lead to less engine backpressure and increased 
filter life span but the smoke reduction achieved may not be sufficient.  As a consequence, the 
exhaust gas flow control, which is to be achieved via two butterfly valves6, is crucial for the EBS 
operation and optimisation.  
Initially, the exhaust gas will be totally bypassed until engine steady state operation is 
achieved. Therefore, the acknowledgement of the exhaust gas flow that is led to the particulate 
filters is easy since it can be derived from one single flow measurement across the main exhaust 
duct. However, system optimisation may impose partial bypassing of the exhaust gas. As a result 
in order to estimate the exhaust gas flow through the filters, one additional measurement 
across the bypass duct is necessary. For obtaining these measurements a flow measurement 
sensor has been considered in the EBS.  
 
3.3.1 The SOMAS Butterfly Valves 
 
The two special butterfly valves, manufactured from the Swedish company SOMAS, are 
wafer design so they are suitable to be mounted between flanges. They are made of stainless 
steel (special alloys may be used for applications with aggressive media) and their nominal size 
ranges from DN80 to DN1200 (for exhaust gas applications the maximum valve dimension is 
limited to DN800) in order to cover a vast range of pipe ducts. The main characteristic of these 
valves is their advanced triple eccentric design which includes a unique disc shape made of solid 
stainless steel (or other suitable materials) seat which remains unaffected by high flow velocities 
and temperatures and renders the valves capable of handling a wide range of liquids, gases and 
steam within a broad temperature range (up to 600oC). Furthermore, they can be used as 
control on/off and shut-off valves and their tightness class is in accordance with EN60534-4 
Class V as standard (38). According to the characteristic curve of the flow as regards the valve 
opening angle (figure 43), high flow increase is observed after 50o while its maximum value 
                                                          
6
 See section 3.1 p.29 
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(100%) is achieved for 80o opening angle. For higher angle values the flow starts to decrease due 
to the increase of the pressure drop across the valve.   
 
 
Figure 43: Characteristic curve of the flow 
as a function of the valve opening angle 
(38) 
 
 
Figure 44: SOMAS butterfly valves for 
exhaust gas (38) 
 
For the specific application (EBS) which features exhaust pipe duct of 323.8mm outer and 
313.5 mm inner diameter, the SOMAS butterfly valve for exhaust gas (figure 44) DN 300 has 
been selected. Its overall specifications (e.g. pipe geometry factor, capacity factor, resistance 
factor, etc) and selection tables are presented in appendix I pages 118 - 121. 
The SOMAS valves are delivered assembled with pneumatic actuators. The actuators are 
manufactured by SOMAS in a compact design and have a torque curve corresponding to the 
torque demand for ball segment, butterfly, and ball valves. Their main characteristic is the low-
friction seals which allow for a low starting torque. Moreover, the springs of the actuators are 
supplied in a cartridge in order to reduce the risk of injury and to simplify maintenance.  
The pneumatic actuators provided by SOMAS (figure 45) are divided into three categories:  
 Double acting actuators 
 Single acting actuators – spring to close 
 Single acting actuators – spring to open 
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 All three types consist of a piston which receives the force applied by the pressurised air (4 – 8 
bar) supply and moves in a linear way. The linear motion from the piston is then converted into 
a rotary motion via a linkage mechanism. In figure 46 the curve that shows the output torque 
from the actuator as a function of the actuator shaft angle is provided. Maximum torque is 
achieved in the closed position which corresponds to the demand of ball segment valves, ball 
valves and metal seated butterfly valves. For the latter, the dynamic torque can be high in case 
of high differential pressure across the valve. This increased torque demand is normally covered 
by the actuator selection tables (39).  
  
 
Figure 45: SOMAS pneumatic actuators 
(39) 
 
Figure 46: Characteristic curve of the 
actuator torque output as a function of the 
shaft angle (39) 
 
The double acting actuators or DA don’t have springs and the piston motion is reversed by 
pressurised air supply (figure 47). On the other hand, the single acting actuators have special 
springs for the reverse operation. In single acting actuators the springs either close (SC) or open 
(SO) the valves in case of failure while in DA actuators the fail safe operation is determined via 
selecting the desired depressurising strategy. The SOMAS pneumatic actuators overall 
specifications as well as the selection tables are provided in appendix I pages 122 - 124.  The 
selected model of the pneumatic actuators of the EBS is the A31-DA-F14.  
The SOMAS butterfly valves are delivered fully assembled and factory tested as complete 
units with the pneumatic actuators and the respective electro-pneumatic positioners. The 
positioners provide a vital interface for the valves operation since they allow remote electronic 
control of the butterfly valves.  The selected model is the SIPART PS2 electro-pneumatic 
positioner of the Siemens Company.  
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The SIPART PS2 positioner offers many advantages, like simple installation and automatic 
commissioning (self-adjustment of zero and span), possible local and remote operation, very 
high-quality control thanks to an online adaptation procedure, negligible air consumption in 
stationary operation, ‘’tight shut-off’’ function (ensures maximum positioning pressure on the 
valve seat) and few moving parts, hence insensitive to vibrations. It can also be used in various 
applications (from the food and pharmaceutical industry to the chemical/petrochemical one) 
and is suitable for single and double acting actuator. As far as the process communication is 
concerned, they are provided in versions of 0/4-20mA control communication without/with 
HART signal or with either PROFIBUS PA or FOUNDATION Fieldbus (FF) communication interface.  
The SIPART PS2 electro-pneumatic positioner consists of a highly-integrated microcontroller 
and works in a complete different way to normal positioners. The positioner moves the actuator 
to a valve position corresponding to the selected setpoint. Additional function inputs can be 
used to block the valve or to set a safety position. A binary input is present as standard in the 
basic device for this purpose. Comparison of the setpoint and the actual value takes place 
electronically in the microcontroller. If the microcontroller detects a deviation, it uses a 5-way 
switch procedure to control piezoelectric valves, which regulates the flow of air into and from 
the chambers of the pneumatic actuator or it blows it in the opposite direction. The 
microcontroller then outputs an electric control command to the piezoelectric valve in 
accordance with the size and direction of the deviation (deviation between setpoint w and 
control output x). The piezoelectric valve converts the command into a pneumatic positional 
increment. The positioner outputs a continuous signal in the area where there is a large control 
deviation (high-speed zone); in areas of moderate control deviation (slow-speed zone) it outputs 
a sequence of pulses. No positioning signals are output in the case of a small control deviation 
(adaptive or variable dead zone). The linear or rotary motion of the actuator is detected by the 
mounting assembly and transferred to a high-quality potentiometer made of plastic conductive 
material over a shaft and a non-floating gear transmission (40). 
The positioner also offers the option for installing a module which provides a two wire 4-
20mA position feedback signal. This module, named IY, is indispensable for developing and 
optimising the EBS. Apart from the IY module, the positioner offers an alarm module which 
provides signalling of two limits of the travel or angle by binary signals. The two limits can be set 
independently as maximum or minimum values. The alarm module offers also a second binary 
input for alarm signals for triggering safety reactions (e.g. safety position) (41).  
In figure 47 the SIPART PS2 electro-pneumatic positioner (detailed specifications provided 
in appendix I pages 125 - 131) is presented. The pneumatic connections of the positioner for the 
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inlet air and the positioning pressure are located on the right-hand side. The positioning 
pressure output ports Y1 and Y2 of the positioner are connected via two small tubes made of 
steel to the main chamber of the pneumatic actuator (figure 48). By alternating the pneumatic 
connections Y1 and Y2 a different valve safety position of in case of failure can be achieved.   
 
 
Figure 47: SIPART PS2 electro-pneumatic 
positioner (40) 
 
 
Figure 48: Pneumatic connection of 
positioner and actuator (41) 
 
 
 
Due to the fact that the electro-pneumatic positioners were delivered mounted to the 
pneumatic actuators, the pneumatic connections of the positioners and the actuators were pre-
determined. In case of failure (pneumatic or electrical) the valves are set to close as it is the 
mandatory safety position for valves that correspond to marine applications. The butterfly 
valves, the pneumatic actuators as well as the respective electro-pneumatic positioners were 
delivered in LME fully assembled as complete units ready for process installation (figure42).  
 
 
Figure 49: SOMAS butterfly valve as delivered in LME 
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3.3.2 Exhaust Gas Flow Measurement 
 
Except for optimised exhaust gas flow control, the EBS imposes the need for exhaust gas 
flow measurements. There is a variety of flow sensors now in the market, each of them 
depending on different operation principles. The most common flow sensors are the velocity 
flow meters which feature a special probe at the edge of which there is a vane wheel sensor. 
This kind of sensors measures directly the flow velocity inside a duct. The probe is inserted in 
the duct in a proper way so that the sensor is located right in the middle. The flow which passes 
through the duct excites the vane wheel which starts rotating according to the flow velocity. 
Then, the wheel rotation speed is measured and an estimation of the flow velocity can be 
derived. Although these sensors are simple, easy to operate and capable of measuring flow 
velocity of aggressive media, the need for steady velocity profile, as well as the fact that they 
interfere with the flow pose some limits to their operation. In order to overcome these limits 
additional flow sensors have been developed, like the differential pressure flow meters which 
calculate the flow by measuring the pressure drop over obstructions inserted in the flow, the 
positive displacement flow meters which measure process fluid flow by precision-fitted rotors as 
flow measuring elements and the open channel flow meters which estimates flow through an 
open channel by measuring the height of a liquid as it passes over an obstruction as a flume or 
weir in the channel.  Finally, there are also the mass flow meters which measure mass flow rate 
directly and are divided in two categories. The thermal flow meters, which calculate flow by 
measuring the heat loss, conducted to the passing fluid and the Coriolis flow meters. The latter 
feature rotating U-shaped tubes which start to oscillate due to the applied Coriolis force by the 
passing fluid. The flow is calculated by measuring the inflicted oscillations.     
For implementing exhaust gas measurements, LME disposes a velocity flow meter 
manufactured by the German company Hontzsch. The flow meter features the corrosion 
resistant vane wheel sensor ZS25 (figure 50) which is suitable for exhaust gas measurements 
(capable for operating up to 500oC) and yields a large measuring span of 1.4 to 120 m/s. The 
vane wheel rotation speed scanning is realised via a non-contact inductive proximity switch. 
Moreover, the sensor can operate to a large extent irrespective of the density and composition 
of the gas and keeps the pressure drop due to the sensor presence to a low level. Finally, the 
flow meter has an integrated transducer which produces output analogue signal of 4-20mA (42). 
Detailed sensor specifications are provided in appendix I pages 132 – 136. 
  Despite the sensor applicability to exhaust gas applications the need for long straight duct 
for implementing accurate measurements imposes a big challenge. In case of full exhaust 
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bypassing flow measurements can be limited to one and the procedure is simplified since a 
suitable spot on the exhaust duct far from elbows and duct reduction – enlargement can be 
found7. However, if additional measurements on the bypass duct are needed (in case of partial 
bypassing), the applicability of the sensor is highly limited considering the lack of sufficient 
straight duct length8. Therefore, the accurateness of the measurements is disputed. As a result 
obtaining a velocity profile in the selected measuring spot is necessary in order to determine the 
preciseness of the flow measurements. The velocity profile is derived by measuring the flow 
velocity in different sensor insertion lengths, on the same spot and for the same flow conditions 
(figure 51). 
 
 
Figure 50: Hontzsch velocity flow sensor ZS25 (42) 
 
 
Figure 51: Measured flow velocity profile (43) 
                                                          
7
 See section 3.1 page 29 flow position 1 
8
 See section 3.1 page 29 flow position 2 
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3.4 Additional Measurements and Devices 
 
For achieving optimised EBS control several additional sensors and electronic devices are 
necessary. Due to the big dimensions of the exhaust duct, the EBS is characterised by high heat 
inertia. For this reason temperature readings are indispensable for identifying the exhaust gas 
properties as well as for controlling the exhaust flow through system. The necessary 
temperature measurements are to be obtained at three positions on the exhaust duct, two of 
them before the particulate filters and one before the bypass duct9. Early tests did prove a 
temperature difference between the two particulate filters which wasn’t expected to be in such 
a degree from the computational simulations during the system design. This temperature 
difference may be an indication that the filters were not regenerated perfectly before their 
delivery at LME. Moreover, in order to ensure electrical isolation of the analogue signals, special 
isolating amplifiers are needed to support high-quality measurements. Finally, for the analogue 
signals reading a data acquisition unit, capable of providing numerous and simultaneous 
analogue inputs and outputs, is incorporated in the EBS.  
 
3.4.1 Temperature Measurements 
 
For temperature measurement many methods have been developed, most of them relying 
on measuring some physical property of a working material that varies with temperature. The 
most common temperature sensors that are used in industrial applications are (44): 
 Thermistors 
 Resistance Temperature Detectors (RTD) 
 Thermocouples 
 Pyrometer  
 Infrared 
A thermistor is a type of device whose resistance varies significantly with temperature, 
more so than in standard resistors. The resistance variation of the thermistors is considered as 
high and non-linear. As a result, they are useful as temperature detectors within a limited 
temperature range, typically -90oC to 130oC. Thermistors are mainly made of ceramic or polymer 
materials (32).  
                                                          
9
 See section 3.1 page 29 
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The RTDs share the same operation principle with the thermistors but due to the fact that 
they are made of pure metals, their response is more linear and are useful over larger 
temperature ranges. Most RTD elements consist of a length of fine coiled wire wrapped around 
a ceramic or glass core. The element is usually quite fragile, so it is often placed inside a 
sheathed probe to protect it. The RTD element is made from a pure material, typically platinum, 
nickel or copper (45). A resistance made of nickel is characterised by high temperature 
sensitivity leading to non-linearity, hence limited operation range. On the other hand, a 
resistance made of copper varies linearly with temperature but in such a way that leads to 
extensive sensor dilatation. Therefore, for large temperature ranges only platinum is considered 
appropriate as it presents linear behaviour even at very high temperatures (above 600oC). For 
this reason Pt10010 has been developed as an industry standard of which the majority of RTDs 
are made (32).  
A thermocouple is a temperature-measuring device consisting of two dissimilar conductors 
that contact each other at one or more spots. Any junction of dissimilar metals will produce an 
electric potential related to temperature. Thermocouples for practical measurement of 
temperature are junctions of specific alloys which have a predictable and repeatable 
relationship between temperature and voltage. Different alloys are used for different 
temperature ranges. Properties such as resistance to corrosion may also be important when 
choosing a type of thermocouple. Thermocouples are usually standardised against a reference 
temperature of 0 degrees Celsius (46). The most common are the types T (copper/constantan11), 
E (chromel12/constantan), J (iron/constantan), and K (chromel/alumel13) which can be used in a 
temperature span which ranges from -250oC to 1300oC (32).   
As far as the pyrometer and the infrared temperature sensors are concerned, they are non-
contacting devices which intercept and measure thermal radiation. While pyrometer operation 
is based on measuring the irradiance14 of the target object (47), infrared temperature sensors 
measure only the infrared zone of the thermal radiation which is directly connected to the 
object temperature. These measuring devices are suited almost exclusively to the measurement 
of moving objects or any surfaces that cannot be reached or touched, but their accuracy is not 
as high.  
                                                          
10
 Pt100 is a RTD made of platinum that takes the value of 100 Ω at 0
o
C.  
11
 55% Cu + 45% Ni 
12
 ~90% Ni + 10% Cr 
13
 95% Ni + 2% Al + 2% Mn + 1% Si 
14
 Stefan-Boltzmann law defines irradiance as j
*
=εσΤ
4
, where ε is the emissivity of the object, σ the 
constant of proportionality and T the temperature (47). 
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For implementing the necessary temperature measurements on the EBS and considering 
maximum exhaust gas temperature of 300oC to 350oC, three RTDs made of Pt100 have been 
acquired. The sensors are manufactured by the German company Wika and the selected model 
is the TR10-C (figure 52). The sensor is connected via a three wire configuration (for eliminating 
deviations due to the lead resistance) to a T19 transmitter (figure 53) which is mounted within 
the cap of the connection head (48). The transmitter provides two-wire analogue signal of 4-
20mA which corresponds to a measuring span of 0oC to 400oC. The sensor measurement 
deviation is defined according to DIN EN 60770 as ±0.50% of the selected measuring span (49). 
Detailed sensor and transmitter specifications are provided in appendix I pages 137 - 139 and 
140 - 141.  
 
 
Figure 52: TR10-C resistance temperature 
detector (48) 
 
 
Figure 53: T19 transmitter (49) 
 
3.4.2 Isolating Amplifiers and Data Acquisition System 
 
For achieving high-quality signals, hence more accurate measurements, noise reduction of 
the sensors outputs has to be ensured. Moreover, electrical isolation of the analogue signals is 
essential for the safety of the system, since voltage variations could damage both the sensors 
and the data acquisition system (DAQ). Furthermore, the sensors output signals are in the form 
of analogue electrical current of 4-20mA. This signal form is suitable for long-travelling signals 
(high distance between sensors and DAQ system), since it ensures immune to voltage-noise 
signals. However, signal conversion from electrical current to voltage is necessary considering 
the DAQ system input is the form of voltage, 0-10 V. For these reasons, special isolating 
amplifiers, capable of satisfying these requirements, have been purchased. The selected 
isolating amplifiers (figure 54) are small compact devices, manufactured by the German 
company Phoenix Contact, which provide 3-way electrical isolation of the analogue signals, as 
well as signal conversion for connecting the installed sensors to the DAQ system.  The selected 
models are the MINI MCR-SL-I-U-4 and MINI MCR-SL-UI-UI-NC. The first provides fixed signal 
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conversion and isolation of input electrical current 4-20mA to output voltage 0-10 V (50). As a 
consequence, it will be interposed for the electrical connection of the output signals of the 
sensors with the DAQ system. On the other hand, the second provides numerous possible 
combinations for signal conversions as the inputs and outputs can be configured via dual in-line 
package (DIP) switches (51). Therefore, it has been selected for the electrical connection of the 
output signals of the DAQ system with the electro-pneumatic positioners (U-I conversion) for 
the valves operation. Both of them feature prompt response (at approximately 3.5 ms), 
electrical isolation according to EN 61010 and limit frequency of 3 dB at approximately 100 Hz. 
The technical specifications are provided in appendix I pages 142 - 146. 
 
 
Figure 54:  Phoenix Contact MCR 3-way isolating amplifier (50) 
 
As far as the DAQ system is concerned, LME disposes the DS1103 controller board (figure 
55) of the dSPACE company which is a powerful controller board for rapid control prototyping. 
The board features accurate and high-speed 16-bit channels for 36 A/D (16 multiplexed 
channels equipped with 4 sample & hold A/D converters) and 8 D/A converters. Both input and 
output range of the converters is ±10 V. Furthermore, the board includes 32-bit parallel digital 
I/O channels organised in four 8-bit groups and a single CAN channel (52). The DS1103 controller 
board, whose technical specifications are presented in appendix I pages 147 - 148, is the main 
controller of the Caterpillar 3176B engine.    
 
 
Figure 55: DS1103 controller board (52) 
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Chapter 4: Exhaust Bypass System Installation 
4.1 Exhaust Bypass System Construction – Delivery - Assembly 
 
The EBS is considered as part of the research project SEKTE (Smoke Emission Abatement 
System for Fast Passenger Ships Manoeuvring in Island Harbours) that is currently conducted in 
LME. In this context, the initial system design was conceived and created in the laboratory 
(figure 56) and then it was delivered to a piping constructions industry named Loukis which 
undertook the system construction due to its specialisation in marine exhaust systems. The EBS 
construction took place in the facilities of the Loukis industry in Piraeus (figure 57) and it was 
properly supervised in order to ensure compliance with all standards and to minimise possible 
deviations from the original design. The initial system design, which is presented in appendix II 
page 149, included five separate duct parts, connected to each other via bolts, two wafer design 
butterfly valves and two DPFs connected to the exhaust duct via clamps. For facilitating the 
manufacture process and eliminating possible mistakes, the two butterfly valves (complete units 
with actuators and positioners) as well as one DPF were delivered in the piping industry so that 
verification of the actual duct dimensions could be possible. Moreover, due to the fact that the 
initial design included clamp connection of the two DPFs with the exhaust duct, special caution 
was given for the manufacture of the connection surfaces. The EBS construction lasted almost 
ten days and it was followed by the system disassembly so that its transportation to the 
laboratory could be possible. The disassembled system was delivered and reassembled in the 
exhaust processing unit (room I.13) of LME/NTUA on Thursday, June 6, 2013.  
 
 
Figure 56: Exhaust bypass system initial design 
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Figure 57: EBS construction in Loukis industry 
 
The reassembly and installation of the EBS in LME started early in the morning and lasted 
approximately 8 hours. Initially the whole system was delivered in separate parts (figure 58) and 
it was transferred to the installation point (room I.13) by an overhead crane and a couple of 
manual pallet jacks (figures 59, 60 and 61). The butterfly valves were delivered separately 
(figure 62) as complete units with the actuators and the positioners in their special boxes 
provided by the manufacturer (figure 63). Finally, the two DPFs of the EBS were collected 
(figures 64 and 65); the first one delivered by Loukis industry, where it was given in order to 
ease the piping construction, while the second was kept in the laboratory’s storage room.  
 
 
Figure 58: System delivery in separate 
parts 
 
 
 
 
Figure 59: Parts transfer with the overhead 
crane 
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Figure 60: Parts transfer to room I.13 
 
 
Figure 61: Parts deployment at room I.13 
 
 
Figure 62: Butterfly valves transfer in their 
special boxes 
 
Figure 63: Butterfly valves as delivered in 
LME 
 
Figure 64: The first DPF as delivered by 
Loukis industry 
 
Figure 65: The two DPFs collected before 
their installation 
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With the completion of the system transfer to the deployment point, the necessary 
preparation for its installation initiated. This included the uninstalling of the previous exhaust 
duct which was to be replaced by the exhaust bypass duct. Initially, the installed insulation was 
removed (figure 66) and a chain system, which worked like a manual lift, was installed in order 
to hold and uninstall the previous exhaust duct (figure 67). After all previous gaskets were 
removed, the assembly of the straight upper part of the EBS started. This consisted of two 
straight exhaust duct parts which were connected to each other via the first butterfly valve 
(figure 68). Since the valve is wafer design, the connections at every point was realised via bolts. 
The assembled upper straight part was then lifted by chains to the installation point (figure 69) 
and it was incorporated via bolt connections to the existing exhaust duct (figure 70). For 
achieving sealed connections between the flanges of the separate parts of the system, new 
gaskets were installed to avoid exhaust gas leakage. Then, the second butterfly valve and the 
vertical part of the exhaust duct (figure 71) were installed. Due to the increased dimensions of 
the butterfly valves, they were positioned properly in order to overcome encountered space 
limits. The next task included the assembly of the two DPFs with the respective two-channel 
exhaust duct. The connections between the particulate traps and the exhaust duct were realised 
via clamps (figure 72) which imposed the need for special connection surfaces at the ends of the 
particulate traps and the exhaust duct. In order to enable the installation of the lower straight 
part of the EBS, the assembled part of the DPFs had to be lifted by chains (figure 73). Then, the 
lower straight part was installed and connected via bolts and gaskets to the system (figure 74). 
Finally, the upper edges of the lifted DPFs had to be connected via clamps to the upper straight 
exhaust duct at the respective receptors (figure 75).  Although this connection method (clamps) 
offered some serious advantages (low-cost, reduced weight and flexibility considering the easy 
installation-removal in case of filters replacement), it proved time-consuming as well as 
inefficient in terms of exhaust duct sealing. Indeed, due to the fact that the filters were used 
before their installation to the EBS, they presented small differences at their edges. The exhaust 
duct connection surfaces which would be the receptors of the particulate traps were 
constructed based on the DPF which was delivered to Loukis industry. Therefore, the assembly 
of the particulate traps to the exhaust duct proved very difficult and rose questioning regarding 
the process sealing.  
The EBS installation was completed at the end of the day (figure 76) and a quick inspection 
of all the existing connections (welds, flanges, clamps) was carried out. The overall installation 
was considered successful, although questioning regarding the DPFs connection remained. 
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Figure 66: Removal of the insulation 
 
 
Figure 67: Removal of the previous exhaust 
duct 
 
Figure 68: Assembly of the upper straight 
part 
 
Figure 69: Lifting the assembled upper 
straight part 
 
Figure 70: Installation of the straight upper 
part 
 
Figure 71: Installation of second butterfly 
valve and vertical part 
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Figure 72: DPFs connection with the two-
channel duct 
 
Figure 73: Lifting the DPFs part 
 
Figure 74: Installation of the lower straight 
part 
 
Figure 75: Final installation of the DPFs
 
 
Figure 76: The initially installed exhaust bypass system  
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4.2 Exhaust Bypass System Modifications  
 
After the full installation of the system in LME, some early tests were carried out in order to 
examine the system performance and check the duct sealing, especially at the clamp 
connections of the DPFs. The first tests were conducted while operating the Caterpillar 3176b 
engine at about 40% load and only for the upper straight part of the EBS (valve 1 open) due to a 
technical problem encountered in valve 2, which remained closed. While the upper straight part 
of the EBS demonstrated the high-quality of the manufacture process of Loukis industry (the 
welds were almost perfect), the complete tests which entailed tests carried out by the bigger 
and older (hence smoky) MAN B&W Holeby L16/24 engine at 90% load confirmed the existing 
questioning regarding the clamp connections sealing (figure 77). These proved almost 
completely inefficient since except for the chocking smell emanated by the leaky exhaust duct, 
smoke deriving from the DPFs connections could be visually observed. Therefore, modifications 
concerning the DPFs part, especially the four connections of the particulate traps with the 
exhaust duct were necessary. Loukis industry undertook the project and suggested that the only 
way to achieve high-sealing and simultaneously non-permanent connections was via flanges. 
However, this connection method would increase the total system weight and the process for 
welding the flanges at the ends of the filters was somewhat sophisticated considering the small 
and rough edges of the filters. Finally, this connection method imposed the need for installing 
additional compensators in order to receive vibrations and vertical dilatations. The tasks lasted a 
few days and included the removal of the DPFs, the flanges welding at the connection points 
and the compensators installation before the filters (figure78). Then, the extracted part was re-
installed on the EBS (figure 79) and the tests demonstrated sufficient process sealing at all 
points (both upper straight and bypass part).   
 
Figure 77: Initial clamp connections 
 
Figure 78: Flange connections and 
compensator
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Figure 79: Modified exhaust bypass system 
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4.3 Sensors Process Connection 
 
The sensors mounting included the installation of all temperature and pressure sensors, the 
opacity meter and the flow meter. The latter was not to be installed permanently on the system 
since corrosion from the exhaust gas had to be avoided. The sensors mounting started with the 
installation of the G1000 SDM. The smoke sensor consists of two optic heads which feature a G 
1’’ female thread for process connection. Despite the fact that Green Instruments provided a 
couple of 200 mm long 1’’ welding sockets for connecting the optic heads with the smoke 
channel, two special socket pipes were produced in the laboratory (figure 80). These featured 
smaller overall length but also increased thread length for process connection (design provided 
in appendix II page 150). For the smoke monitor installation special configurations (figure 81) 
were initially predicted during EBS design, which also included a couple of sealing flanges (figure 
82). The two sealing flanges had 1’’ female thread in the middle and 8 G ½’’ female threads in 
circular pattern for bolt connection. The socket pipes were inserted into the sealing flanges 
which were respectively connected to the exhaust duct via bolts. Special attention had to be 
given to the alignment of the sockets, so that they were centred right opposite each other. In 
order to verify proper alignment, a pipe longer than the funnel diameter was inserted into the 
socket holes (figure 83). After the socket pipes installation, the optic heads of the sensor were 
installed and the brass nuts were tightened to secure the optic cables. Finally, the monitoring 
unit was mounted on the plasterboard close to the sensor installation point (figure 84). 
 
 
 
Figure 80: Socket pipes 
produced in the 
laboratory 
 
 
 
Figure 81: Configurations 
on the exhaust duct for 
SDM installation 
 
 
 
Figure 82: Sealing flanges 
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Figure 83: Inserting the pipe during 
alignment check 
 
Figure 84: G1000 SDM installed on the 
system 
 
The pressure sensors were provided with G ½’’ B thread for process connection while the 
exhaust duct was equipped with G ½’’ fittings. Although the pressure sensors could be directly 
connected to the duct fittings, the need for exhaust gas cooling due to the limited permissible 
temperature of the measuring media (100oC) dictated the use of fine (1/8’’ diameter) inox 
tubes. Therefore, special adaptors for the connection of the inox tubes to the sensors and the 
exhaust duct had to be purchased. These adaptors, manufactured by the Parker Company, 
featured a 1/8’’ special conical reception for the inox tubes and a ¼’’ BSPP thread.  For the 
connection of the 1/4’’ BSPP thread to the G ½’’ male thread of the sensors, special unions were 
produced in the laboratory with G 1/4’’ female thread for connection with the Parker adaptors 
and G ½’’ female thread for connection with the sensors (figure 85). In addition, in order to 
connect the Parker adaptors to the duct fittings, unions featuring a G ¼’’ female thread and a G 
½’’ male thread were purchased. All the adaptors, unions and tubes of the sensors process 
connection are presented in table 4. The pressure sensors were mounted on a metal plate which 
was tied with special clamps on a rod positioned behind the filters (figure 86). According to the 
initial EBS design the rod was installed to enhance the mechanical strength of the system as well 
as to receive vertical dilatations. Finally, the inox tubes were cut at the desired length to connect 
each pair of Parker adaptors (sensor – fitting) after a sufficient number of spirals was considered 
to achieve exhaust gas cooling below the maximum permitted temperature.  
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Part No Name  Description # 
1 Union Union G 1/2'' F -/- G 1/4'' F 4 
2  Parker Fitting Parker adaptor G 1/4'' M -/- Conical 1/8'' M 8 
3 Inox Tube Inox tube 1/8''  4 
4 Hexagonal Union Union Hexagonal G 1/4'' F -/- G 1/2'' M 4 
 
Table 4: Accessories list for pressure sensors process connection 
 
 
Figure 85: Pressure sensor 
- union - Parker adaptor 
 
 
Figure 86: Pressure 
sensors mounted on the 
plate 
 
 
Figure 87: Pressure 
sensors process 
connection 
 
The three new temperature sensors (RTDs) had 250 mm insertion length and G ½’’ male 
thread for process connection. According to the EBS design, the pipe duct at the temperature 
sensors installation point had an external diameter of 219 mm (inner 200 mm) and G ½’’ fittings 
100 mm long. Therefore, the two temperature sensors, installed before the filters, (figure 88) 
were inserted almost in the middle of the pipe duct for ensuring more accurate measurements. 
The third temperature sensor was mounted on a central position of the exhaust duct before the 
EBS for measuring exhaust temperature, comparing it with the other temperature 
measurements (before the filters) and estimating the EBS heat inertia. For connecting the third 
RTD on the exhaust duct, an old G ½’’ adaptor of the pipe duct was used. 
 Finally, near the third temperature sensor, another pressure sensor was installed, which 
would act as an alarm unit in case of overall system backpressure increase. This sensor (PTX 
1400), made from Druck Company, was similar to the newly acquired pressure sensors (S-10), 
but it differed in the measuring range (0 – 6 bar absolute). It featured current output of 4-20mA 
and G ¼’’ female thread for process connection. The sensor was installed in a similar way as the 
other pressure sensors (Parker adaptors – inox tubes) with the only difference that the sensor 
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could be directly connected to the Parker adaptor. The accessories for the PTX 1400 process 
connection were: 2 Parker adaptors (G ¼’’ male thread to conical 1/8’’ connection for tube), inox 
tube with a sufficient spirals number and 1 hexagonal union featuring G ¼’’ female to G ½’’ male 
thread. The third temperature sensor and the PTX 1400 pressure sensor, all mounted on the 
exhaust duct before the EBS, are presented in figure 89.  
 
 
Figure 88: Temperature sensors installed 
before the filters 
 
 
Figure 89: Temperature and pressure 
sensor mounted on exhaust duct before 
EBS 
 
Finally, as far as the flow meter installation is concerned, no permanent instrument 
connection was considered. The flow measuring positions were two and the sensor would be 
alternately installed according to the desired measurement. The first position was on the old 
exhaust duct before the EBS, near the temperature and pressure sensor measuring positions. 
The flow meter would be installed via a G 1 ½’’ fitting (as shown in figure 89) which imposed the 
need for a suitable adaptor since the sensor diameter was 1’’. The laboratory, disposed such an 
adaptor as previous exhaust gas flow measurements had been obtained in this position. On the 
other hand, the second position was on the bypass duct of the EBS. The provided fitting was G 1 
¼’’ and the adaptor, which the laboratory disposed, didn’t fit. As a result, a new adaptor for 
connecting the flow meter to the pipe duct was produced. The adaptor featured a G 1/14’’ 
hexagonal nipple (figure 90) in which a metallic barrel (figure 91) was inserted to provide 1’’ 
fitting for the sensor. In case of sensor removal, a 1’’ taper (figure 92) was made for process 
sealing. The barrel was constrained via a M5 blind screw, while the sensor – taper by a smaller 
M4 one. The adaptor with the taper mounted is presented in figure 93 while its design is 
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provided in appendix II page 151. For ensuring sufficient process sealing at all measuring 
positions on the exhaust duct, different copper washers were used according to the required 
size.  
 
 
Figure 90: Hexagonal 
Nipple 
 
Figure 91: Barrel for 
providing 1'' fitting 
 
Figure 92: 1'' taper for 
process sealing 
 
 
Figure 93: Flow meter adaptor for the second measuring position 
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4.4 Electrical Connections 
 
For facilitating the instruments electrical connections, a metallic rail was mounted along the 
plasterboard behind the EBS (figure 94) in order to support the cables of the signals and the 
power supply. Then, two multi-channel (12 pairs each) Li YCY cables were installed (figure 95) in 
order to transfer the signals (room I.13) to the DAQ system which is placed in the engine room. 
Total system signals are presented in table 5. 
 
Sensors 
Item 
Instrument 
Tag 
Signal Description 
Signal 
Range 
Sensor Type Manufacturer 
Physical 
range 
Physical 
value 
unit 
1 PT132 
Exhaust Pressure, filter 1, 
outlet 
4-20mA 
Pressure 
Transmitter 
WIKA 0 - 1 bar [g] 
2 PT133 
Exhaust Pressure, filter 2, 
outlet 
4-20mA 
Pressure 
Transmitter 
WIKA 0 - 1 bar [g] 
3 PT134 
Exhaust Pressure, filter 1, 
inlet 
4-20mA 
Pressure 
Transmitter 
WIKA 0 - 1 bar [g] 
4 PT135 
Exhaust Pressure, filter 2, 
inlet 
4-20mA 
Pressure 
Transmitter 
WIKA 0 - 1 bar [g] 
5 PT131 Exhaust Pressure, main 4-20mA 
Pressure 
Transmitter 
Druck 0 - 6 bar [a] 
6 TT131 Exhaust Temperature, main 4-20mA Pt100 WIKA 0 - 400 deg oC 
7 TT134 
Exhaust Temperature, filter 
1, inlet 
4-20mA Pt100 WIKA 0 - 400 deg 0C 
8 TT135 
Exhaust Temperature, filter 
2, inlet 
4-20mA Pt100 WIKA 0 - 400 deg 0C 
9 FT131 Flow meter 4-20mA Vane Wheel Hontzsch 0.4-120 m/s 
10 OPA131 Opacimeter 4-20mA Opacity 
Green 
Instruments 
0-100% N/A 
11 ZT131 Valve 1 Position Feedback 4-20mA 
Iy Module - 
Positioner 
Siemens 0-100% N/A 
12 ZT132 Valve 2 Position Feedback 4-20mA 
Iy Module - 
Positioner 
Siemens 0-100% N/A 
Actuators 
Item 
Instrument 
Tag 
Signal Description 
Signal 
Range 
Actuator Type Manufacturer 
Physical 
range 
Physical 
value 
unit 
1 ZY131 Valve 1 Actuator 4-20mA Electro-pneumatic Siemens 0-100% N/A 
2 ZY132 Valve 2 Actuator 4-20mA Electro-pneumatic Siemens 0-100% N/A 
 
Table 5: List of sensors - actuators 
 
For the sensors wiring Li YCY cables were used which consist of copper conductors insulated 
by PVC and twisted in pairs. These are separated by plastic from the tinned copper braid which 
is covered by PVC jacket. These cables are suitable for eliminating noise impact as long as the 
tinned copper braid is grounded.  
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All pressure and temperature sensors need 24 VDC power supply in order to be activated 
and provide 4 – 20mA output signal (passive signals). The flow meter also needs 24 VDC power 
supply but it provides an active 4-20mA signal.  The opacity meter is powered by 220 VAC, 
providing 4-20mA active signal while the electro-pneumatic positioners need 4 -20mA input 
current of voltage less than 10 VDC for their operation. Finally, the positioners dispose the Iy 
module which needs 24 VDC power supply to provide the output signal (valve position 
feedback).  
The signal cables were connected to terminals according to the signal type (active/passive) 
and the respective power supply. Then, the signals were led to the multi-channel cables (figure 
96), also connected to terminals, in order to be transferred to the engine room. All terminal 
stations as well as the power supplies were mounted in an electrical panel (A1) which was 
installed in room I.13. The panel was based on two vertical beams (figure 97) since it couldn’t be 
installed on the plasterboard because of its high weight. Its initial design is presented in 
appendix II page 152.  
 
Figure 94: Metallic rail for wiring support 
 
 
Figure 95: Multi-channel Li YCY cables 
 
Figure 96: Multi-channel cables ready to be 
connected to terminals in panel A1 
 
Figure 97: The panel as installed in 
room.13 
67 
 
After the panel installation (figure 98) and its full assembly (terminal stations, power 
supplies and internal cable connections) the multi channel cables were connected to the 
respective isolating amplifiers which were located in panel Y12-H14 in the engine room. This 
panel includes the Caterpillar 3176b engine controller since it contains all the necessary 
electrical connections and the DAQ system (DS1103). Then, the isolating amplifiers (signal 
converters), which were installed below the DAQ module in the panel, were connected to the 
DAQ system (figure 99) via Li YCY cables which featured BNC connectors at their ends. In table 6 
the list of the installed isolating amplifiers is presented. For the opacity and the flow velocity 
signals Mini MCR-SL-I-U-4 isolator type could be used, but due to low-availability, the supplier 
provided only 10 isolators of this type. Therefore, for these signals the Mini MCR-SL-UI-UI-NC 
model was used. The isolating amplifiers were mounted on a vertical rail, which was installed in 
the panel, and they were bridged together for their power supply. Then, one of them was 
connected to a 24 VDC power supply located in the panel. Finally, all signals were given suitable 
tags in order to be easily distinguished from one another and all cables were marked for 
ensuring correct re-corrections in case of a sensor removal.  
 
Isolating Amplifiers 
Item 
Instrument 
Tag 
Signal Description 
Output 
Signal 
Input 
Signal 
Isolator Type Manufacturer 
1 OPA131 Opacity 0-10 VDC 4-20mA Mini MCR-SL-UI-UI-NC Phoenix Contact 
2 FT131 Flow Velocity 0-10 VDC 4-20mA Mini MCR-SL-UI-UI-NC Phoenix Contact 
3 PT131 Exhaust Pressure, main 0-10 VDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact 
4 PT132 Exhaust Pressure, filter 1, outlet 0-10 VDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact 
5 PT133 Exhaust Pressure, filter 2, outlet 0-10 VDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact 
6 PT134 Exhaust Pressure, filter 1, inlet 0-10 VDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact 
7 PT135 Exhaust Pressure, filter 2, inlet 0-10 VDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact 
8 TT131 Exhaust temperature, main 0-10 VDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact 
9 TT134 Exhaust temperature, filter 1, inlet 0-10 VDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact 
10 TT135 Exhaust temperature, filter 2, inlet 0-10 VDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact 
11 ZY131 Valve 1 Pneumatic Actuator 4-20mA 0-10 VDC Mini MCR-SL-UI-UI-NC Phoenix Contact 
12 ZY132 Valve 2 Pneumatic Actuator 4-20mA 0-10 VDC Mini MCR-SL-UI-UI-NC Phoenix Contact 
13 ZT131 Valve 1 Position Feedback 0-10 VDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact 
14 ZT132 Valve 2 Position Feedback 0-10 VDC 4-20mA Mini MCR-SL-I-U-4 Phoenix Contact 
 
Table 6: List of installed isolating amplifiers in panel Y12-H14 
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Figure 98: Electrical panel A1 installed in 
room I.13 
 
 
Figure 99: Electrical panel Y12-H14 with 
DAQ module and isolating amplifiers (red 
demarcation)  
Before all electrical connections were installed, the necessary drawings were created to 
facilitate the tasks and ensure that possible mistakes that could lead to serious problems (short-
circuits) would be avoided. In figure 100 the electrical connections of the electro-pneumatic 
positioner of the butterfly valve 1 is presented. The ZY-131 is an actuator signal for the valve 
operation. An opening – closing command is given by the controller which corresponds to an 
output voltage signal (0-10 V), that is transmitted to the respective isolating amplifier for 
conversion to electrical current of 4-20mA. The electrical current is transferred to terminal 
station –X9 of the panel A1 and then via internal connections to terminal station –X2 from which 
it is transmitted to the channels 6, 7 of the positioner and activates the valve operation. On the 
other hand, the ZT-131 is a sensor signal for providing valve position feedback. The 4-20mA 
signal is powered by 24 V supply and it is transferred from the positioner channels 61, 62 to 
terminal station –X1 (passive signals) of the panel A1. Then, it is transmitted from terminal 
station –X8 via the multi-channel cables to the respective isolating amplifier for conversion to 0 -
10 V. Finally, the voltage signal is sampled by the DAQ system via an analogue input port. In 
figure 101 the wiring design of the EBS for the Caterpillar 3176b engine is presented. NY and PY 
are the engine rpm and brake actuator signals, respectively, and FE is a sensor signal for the 
achieved brake torque. The electrical drawings for the connections of every sensor and device of 
the EBS, as well as the overall wiring design of the system signals (sensors – actuators) for both 
engines are provided in appendix II pages 153 - 166.  
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Figure 100: Electrical connection of butterfly valve positioner 1
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Figure 101: Wiring Design of the EBS for the Caterpillar 3176b engine 
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4.5 Additional Tasks 
 
The full assembly of the EBS also included the installation of an air supply subsystem and 
the pipe duct insulation. The first task was carried out before the sensors mounting as it was 
necessary for the pneumatic actuators operation (need of at least 5.5 bar air supply). Moreover, 
the purge air system of the G1000 SDM needed air supply of 1 -2 bar for securing the lenses 
from fouling. The second task comprised the pipe duct insulation which was installed for 
avoiding increased heat radiation. 
4.5.1 Air Supply Subsystem Installation 
 
The installed low-pressure air supply subsystem included an air supply source, copper 
tubes, a station for air distribution (pneumatic actuators – SDM) and elastic air hoses. For the 
SDM purge air supply, an air supply filter regulator was indispensable for ensuring sufficient 
pressure drop, evening out pressure variations as well as withholding impurities. The air supply 
source already existed in room I.13 and it provided air of 7 bar from an receiver of the 
laboratory. The air supply source was connected to copper tubes (figure 102) which led to an air 
distributor located on a station (small, non-metallic, rectangular plate) which was mounted on 
the plasterboard close to both butterfly valves and SDM measuring position 1. Apart from the 
air distributor, the station also featured an air supply filter regulator, a flow meter and a second 
air distributor for securing sufficient air supply to both lenses of the opacity sensor (figure 103). 
All the necessary connections after the first air distributor was realised via elastic air hoses. The 
station was designed in such a way that it could be easily removed and re-installed in case of 
SDM removal. 
 
Figure 102: Air supply subsystem (air 
supply source in the left) 
 
Figure 103: Station featuring air 
distributors, air supply filter regulator, 
flow meter and elastic air hoses
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4.5.2 Pipe Duct Insulation Installation 
 
After the sensors mounting had been completed, some preliminary tests were conducted in 
order to verify the entire system functionality. Next and last step was the placement of 
insulation on the exhaust bypass duct. The work was carried out in three days by Loukis industry 
(the same industry that constructed the bypass pipeline) and included placement of the main 
insulation – stone wool and the protective outer aluminium sheet (figures 104 and 105). The 
stone wool is a fibrous insulating material used in technical applications and consists of silica – 
aluminium fibres. It has excellent thermal and sound insulation properties and can withstand 
temperatures of 700 – 850 oC. However, particular attention should be paid when handling this 
material because it may cause irritation to the skin, the eyes and the respiratory system (53). For 
the outer sheath of the insulation, aluminium foil was used because of its ability to retain gloss 
for a long time period after its placement. During the installation of insulation, all sensors were 
removed in order to be protected and were re-installed in their positions after the completion of 
the work. However, due to the increased thickness of the insulation (approximately 6 -7 cm), the 
pressure fittings had to be lengthened so that they could remain accessible. The final form of 
the exhaust bypass system is demonstrated in figure 106. In addition, a draft of the room I.13 
front view is provided in appendix II page 167.  
 
 
Figure 104: Installation of the exhaust 
pipeline insulation 
 
 
Figure 105: Placement of the insulation 
outer sheath (aluminium foil) 
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Figure 106: Final form of exhaust bypass system
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Chapter 5: Opacity Measurements Onboard 
5.1 Introduction 
 
As part of the research project SEKTE which also included the EBS installation and 
experimentation, measurements, regarding engine emissions and operating parameters, were 
obtained onboard a high speed vessel. These measurements were realised to serve as a reference 
for the subsequent project. Moreover, in combination with corresponding measurements in the 
experimental engine test-bed, they could contribute to estimating the effectiveness of the smoke 
reduction system as well as the possibilities of such a system being permanently installed on a ship. 
The onboard measurements were conducted during a typical route of the ship in Greek islands and 
comprised readings of several major parameters of the engine operation (impeller torque – speed, 
fuel consumption, in-cylinder pressure, emissions and opacity). However, in the context of this thesis 
only the opacity and engine power (for explaining the opacity behaviour) measurements are 
presented.  
5.2 Ship Specifications 
 
The onboard measurements were realised on the Speedrunner 3 high speed vessel (figure 107) 
owned by Aegean Speed Lines (ASL). The ship disposes 4 Ruston 20RK 270MK II medium speed 
engines (figure 108) coupled to 4 KaMeWa 112F11 water jets for its propulsion. The ship and engine 
technical specifications are provided in table 7 and 8 respectively.  
 
 
Figure 107: ASL Speedrunner 3
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Ship Type High Speed Vessel 
Deadweight 340 [t] 
Speed 34 [knots] 
Length 100.4 [m] 
Breadth 17.00 [m] 
Depth 10.70 [m] 
Drought 4.60 [m] 
Pax Capacity 800 
Garage Capacity 170 cars or 145 cars plus 6 buses 
 
Table 7: Speedrunner 3 specifications 
 
Engine Type 
Turbocharged Diesel 
Engine 
Operation Cycle 4-X 
Cylinders Number 20 
Engine Configuration V 
Volume 20 x 17.5 [lt] 
Diameter 270 [mm] 
Stroke 305 [mm] 
Compression ratio 12.3 : 1 
Turbocharger pressure 3.5 [bar] 
Maximum Power 6875 [kW] at 1000 [rpm] 
 
Table 8: Ruston 20RK 270MK II 
 
(a)
 
(b)
Figure 108: Ruston 20RK 270MK II 
 
The equipment was deployed in the fore engine room and the measurements were collected on 
one of the four identical engines of the ship (specifically from the second main propulsion engine).  
For the opacity readings, the G1000 SDM was mounted on the exhaust duct of the engine after it 
had been removed from the EBS. Moreover, strain gauges and an inductive proximity sensor were 
placed on the impeller, for obtaining torque and speed measurements. By multiplying the measured 
torque and speed values, the impeller power is calculated. The impeller is the shaft that is located 
after the clutch and drives the coupled water jet. In figure 109 the top view of the ship engine room 
is provided.  
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Figure 109: Top view of the ship engine room where the second main engine [1], the impeller [2] and the exhaust duct [3] are presented
3 
 
2 
 
1 
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5.3 Equipment Installation 
 
The G1000 SDM was installed on the exhaust duct of the second main propulsion engine of 
the ship. During the last ship dry-docking (March 2014), ASL made some modifications for 
enabling the onboard measurements. As far as the opacimeter is concerned, two holes were 
opened on the exhaust duct in order to receive the sensor. The two welding sockets provided by 
Green Instruments were delivered to ASL and were installed on the pipe duct. In order to ensure 
perfect alignment, a guiding pipe (figure 110) was used during sockets welding.  
The sensors installation was scheduled two days before the ship trip and lasted a few hours. 
The opacity sensor was mounted on the pre-installed welding sockets on the exhaust duct. 
Then, the monitoring unit was tied with ropes close to the optic heads in order to secure the 
optic cables. In addition, the purge air supply station was removed from room I.13 and placed in 
the ship close to the optic heads of the opacity sensor (figure 111). The station was connected 
via air hoses to the low-pressure air supply system of the ship. Finally, all the necessary electrical 
connections were made which included the sensor power supply (220 VAC) and output signal (4-
20mA). In figure 112 the G1000 SDM as installed on the ship pipe duct is presented. 
For measuring the impeller torque, a strain gauge was installed on the shaft after the 
clutch. The strain gauge was connected to a signal transmitter which transfers the signal via 
wireless connection to a receiver. Then, the receiver converts and transmits the analogue signal 
(4-20mA) to the portable DAQ system of the laboratory. Moreover, an inductive proximity 
sensor was installed in order to measure the impeller speed. The sensor was connected to a 
signal converter responsible for transforming the measured pulses to analogue signal (4-20mA) 
and transmitting it to the portable DAQ system. Both torque and speed sensors, as installed on 
the impeller, are presented in figure 113.  
The portable DAQ system of LME (figure 114) disposes signal conversion modules (made by 
National Instruments) which receive and record data in the form of 4-20mA analogue signals. 
For the signals recording - presentation a software was developed on the NI LabView platform. 
The DAQ system was placed close to the sensors in order to avoid high cable lengths in the 
engine room. 
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Figure 110: Guiding pipe for ensuring 
welding sockets alignment 
 
 
Figure 111: Purge air supply station placed 
in the ship 
 
Figure 112: G1000 SDM installed on 
exhaust pipe duct 
 
 
Figure 113: Torque and speed sensors 
installed on impeller
 
 
Figure 114: Portable DAQ system 
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5.4 Measurements Analysis 
 
The measurements were performed during a typical ship route scheduled on 06/06/2014. 
The ship itinerary (figure 115) included departure from the port of Piraeus at 16:30 pm, arrival at 
the port of Serifos at 19:00 pm, departure at 19:10 pm for the port of Sifnos (arrival at 19:35) 
and then departure at 19:45 pm for the port of Milos (arrival 20:45 pm). Finally, the ship 
departed from the port of Milos at 21:00 pm and arrived at Piraeus in midnight.  
 
Figure 115: Speedrunner 3 scheduled route (Piraeus -> Serifos -> Sifnos -> Milos -> Piraeus) 
The data acquisition started at 16:30 pm and lasted throughout the whole trip including 
time periods of ship manoeuvring in island ports.  In addition, data recording continued even 
during engine clutch off at the port of Milos. So the acquired measurements provided an overall 
profile of the engine performance throughout the whole ship itinerary. In figure 117 the opacity 
measurements are presented which correspond to the impeller power measurements15 
provided in figure 118. The opacity percentage corresponds to the measuring range of the 
G1000 SDM.  
The general trend is that opacity is kept at relatively low levels especially during engine 
operation at steady state conditions. However, three major overshoots (80 – 100%) are 
observed which correspond to extreme engine load increase such as engine start-up and clutch 
                                                          
15
 Power was calculated as a product of the measured impeller torque and speed (     ).  
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on at the port of Piraeus and the second clutch on at the port of Milos. Moreover, overshoots of 
40 – 50% can also be observed which are directly correlated to the engine’s load increase after 
the ship departure from the islands ports. Furthermore, some smaller overshoots (30 - 40%) can 
be distinguished which are related to engine transient loadings during ship manoeuvring in the 
islands ports. The opacity overshoots last only a couple of minutes but they are prominent due 
to the bright background and the sensitive environment of the island ports.  
In general, it is easily inferred that least opacity can be achieved when diesel engine 
operates at MCR (Maximum Continuous Rating). In this steady state condition, the combustion 
is almost perfect and the emissions are reduced to the lowest level. During full load departure of 
Speedrunner 3 (engine operating at 96% of MCR) opacity is kept at very low levels (below 5%). 
Moreover, when the engine operates in steady state conditions at reduced loads (80% of MCR) 
during the return trip16, the opacity is increased but it is still kept at reasonable levels (about 
15%). However, when the engine operates in transient loadings during ship manoeuvrings, 
opacity increases further which is a direct result of low-quality (incomplete) combustion.  
The exhaust bypass system targets almost exclusively the opacity overshoots met during 
steep increases of the engine’s load. These represent a very small profile in the overall opacity 
measurements but their intensity and duration (approximately a couple of minutes), pose 
serious challenges. In figures 116 and 119, photos of the Speedrunner 3 funnel during ship 
departure from the ports of Piraeus and Sifnos are provided, which demonstrate the increased 
smoke emission during the engine load increase.  
 
Figure 116: Photos of the Speedrunner 3 funnel during ship departure from Piraeus port 
                                                          
16
 During the return trip, the ship is almost empty, so the resistance is less; hence the impeller power 
requirement is reduced. 
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Figure 117: Opacity measurements onboard 
 
 
Figure 118: Impeller power measurements 
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(a) 0-20s 
 
(b) 20 – 30s 
  
(c) 30 – 40s
 
(d) 40 - 50s 
 
(e) 50 – 60s 
 
(f) 60 – 85s
 
(g) 85 – 95s 
 
(h) 95 – 105s 
 
Figure 119: Photos of the Speedrunner 3 funnel during ship departure from the port of Sifnos 
(0s)
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5.5 Conclusion 
 
The opacity measurements onboard didn’t’ provide any unexpected result. Smoke emission 
is negligible (even 0% opacity) when the engine operates close to MCR since combustion is 
almost perfect. At lower engine loads, the quality of the combustion stars to deteriorate and the 
result is increased smoke emission which, however, is still considered low (opacity below 15%). 
The biggest challenge is during rapid - steep increase of the engine load which ‘’shocks’’ the 
engine operation and as result adversely affects the combustion in the cylinders. Despite the 
small duration of this phase (a couple of minutes at most) smoke emission is prominent due to 
its high intensity. In this case, opacity reaches higher values (above 40%) and the smoke is visible 
even at a long distance from the ship funnel. Therefore, a smoke emission reduction method 
should be considered for ensuring low opacity levels. Finally, the opacity measurements 
demonstrated increased opacity values (close to 25%) during ship manoeuvring in the islands, 
which does not pose great challenges, at least as long as it remains at these reasonable levels.  
 The exhaust bypass system could provide solution in case of high smoke emission, since it 
could enable the PM collection during the periods of steep engine loading. In addition, during 
engine steady state operation, the system could be deactivated for avoiding early filter clogging. 
Moreover, the short period of the PM collection could lead to smaller DPFs, which is vital due to 
the limited space found on this type of ships. 
The onboard opacity measurements could prove very valuable also for determining the EBS 
input activation signal. For instance, measuring exhaust gas opacity for activating the EBS could 
lead to increased signal delay, hence increased smoke emission before the EBS activation. 
Considering the high correlation between engine loading profile and smoke emission, increased 
slope of the engine loading profile could be used as activation signal for the EBS. Steep increase 
of the engine load would be recognised and the EBS would be activated for capturing the 
produced PM before its emission to the atmosphere.  This method would decrease EBS 
activation delay and could lead to system efficiency increase.  
Finally, the measurements performed onboard could serve as reference for the opacity 
measurements conducted in the laboratory and could provide real-time numerical indication of 
the exhaust gas opacity met in marine applications.  
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Chapter 6: Experiments with Exhaust Bypass 
System 
6.1 Preparation for the Experiments 
 
After the EBS full installation and the conduction of the onboard opacity measurements, the 
preparation for the experiments with the new system was initiated. At first, the newly installed 
signals and commands were incorporated in the Caterpillar 3176b control panel. Except for the 
standard signals of the EBS, which were described in section 3, three new signals had to be 
considered in order to facilitate the assessment of the system operation. The first one was the 
engine speed, as measured on the engine crankshaft, the second was the achieved torque load 
as measured on the shaft of the hydraulic break and, finally, the third was a temperature signal 
close to the engine exhaust. Both engine speed and break load signals, which had already been 
integrated in the engine control panel (DS1103), were processed by special low-band filters for 
eliminating high-frequency noise. Moreover, the engine control panel featured the necessary 
command signals for determining the engine-break operation. These were the engine speed and 
the torque load command signals (figure 120). All sensor and command signals of the caterpillar 
3176b engine control panel (DS1103) are presented in figure 121. 
 
Figure 120: Command and sensor signals for the engine-break operation 
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Figure 121: Caterpillar 3176b control panel with newly installed signals and commands (shown by the arrows) 
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For the data acquisition, a suitable program was developed on the Matlab/Simulink 
platform for enabling the analogue input signals recording and for providing the necessary 
interface between computer and DAQ hardware. The DS1103 analogue input and output 
channels were modelled as data acquisition blocks in Simulink. Each analogue input channel 
(sensor signal) was connected to the respective data recording – ‘’sink’’ block while the 
analogue output signals were connected to suitable ‘’source’’ block according to the output 
signal form. Finally, the transfer functions were also modelled in Simulink as ‘’Gain’’ blocks, 
which were interposed between the DAQ and ‘’source’’ – ‘’sink’’ blocks. The latter were 
represented by the ‘’To File’’ block which recorded the collected data in the form of .mat files 
for enabling their processing in Matlab. All EBS sensor and command signals as modelled in 
Simulink are provided in figure 122.  
The transfer function of each signal, which was calculated based on the measuring span of 
the sensor and the respective signal range, is presented in table 9. FT131, which is the signal of 
the flow velocity, is not included in the table since it was not installed for the experiments.  
Signal Measuring range Signal Transfer Function 
PT131 0 - 6 [bara] 0 – 10 [V]               
PT132 0 – 1 [barg] 0 – 10 [V]                     
PT133 0 – 1 [barg] 0 – 10 [V]                     
PT134 0 – 1 [barg] 0 – 10 [V]                     
PT135 0 – 1 [barg] 0 – 10 [V]                     
TT131 0 – 400 [oC] 0 – 10 [V]            
TT134 0 – 400 [oC] 0 – 10 [V]            
TT135 0 – 400 [oC] 0 – 10 [V]            
OPA131 0 – 100 [%] 10 - 0 [V]                
ZY131 0 – 100 [%] 0 – 10 [V]             
ZT131 0 – 100 [%] 0 – 10 [V]             
ZY132 0 – 100 [%] 0 – 10 [V]            
ZT132 0 – 100 [%] 0 – 10 [V]            
 
Table 9: Transfer functions of EBS signals 
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Figure 122: EBS sensor and command signals as modelled in Simulink 
 
The first experiments of the EBS were performed with the Caterpillar 3176b engine and 
included engine loading at constant speed and manual handling of the valves according to the 
opacity values. As a result a first estimation concerning the EBS operation could be derived. 
Moreover, proper operation of all sensors and actuators could be verified before developing 
more complex EBS control systems. The sample time was defined as 1000 samples per second 
and it was maintained throughout all experiments.  
After the first experiments, a first approach of closed-loop control of EBS was developed on 
the Stateflow environment of Matlab. This platform enables modelling and simulating 
combinatorial and sequential decision logic based on state machines and flow charts (54). The 
flow chart, which was developed for the EBS control, is presented in figure 123.  
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Figure 123: Stateflow chart as developed for EBS control 
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At first the system confirms proper initial positioning of the exhaust valves17. Then, the 
opacity signal is controlled and according to its value the EBS activation is decided. If opacity 
exceeds 10% valve 2 (bypass) is opened. After a 90% (at least) opening of valve 2 is verified, 
valve 1 is fully closed and exhaust gas is being filtered. This loop is continuous as long as opacity 
is kept above 10%. If the opacity signal is below or equal to 10%, valve 1 is opened (or remains 
open) and valve 2 is closed (or is kept closed). The loop is, finally, completed by controlling the 
opacity signal again.  
The Stateflow chart was modelled in Simulink and connected to the necessary I/O signals of 
the DAQ blocks (figure 124). Then, the experiments were conducted with sample time defined 
as 1000 samples per second.  
 
Figure 124: Stateflow block connected to the respective signal blocks in Simulink 
 
Finally, due to the need for testing the EBS with higher engine loading, experiments with 
the MAN B&W Holeby L16/24 engine were performed. The EBS was activated before the engine 
loading in order to investigate the DPFs performance with high opacity exhaust gas. Moreover, 
the overall backpressure developed due to the EBS, as well as the pressure drop across the 
filters could be measured and assessed. Unfortunately, the engine-break operation was 
determined by a separate controller (Woodward Atlas) and because of the fact that junction box 
was not installed simultaneous torque and engine speed measurements were not available. 
However, the engine operated at nominal speed (1200 rpm) and the engine was loaded at 30% 
(1194 Nm) of MCR (500 kW). The sample time was maintained at 1000 samples per second.  
                                                          
17
 Valve 1 is the exhaust valve located on the main exhaust duct, while valve 2 is the exhaust valve located 
on the bypass part of the exhaust duct. With the first valve open and the second closed, all exhaust gas is 
emitted unfiltered.  
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6.2 Results Analysis 
 
6.2.1 Caterpillar 3176B, Valves: Manual Handling 
 
Figure 125: Opacity, torque, valves position and backpressure measurements with CAT3176B, valves: manual handling 
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Figure 126: Pressure drop across DPF 1, DPF 2, and valves position measurements with CAT3176B, valves: manual handling 
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Figure 127: Temperature before EBS, DPF 1, DPF 2 and valves position measurements with CAT3176B, valves: manual handling
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 In figure 125 the opacity, torque, valves position and system backpressure measurements 
are presented. The engine loading includes engine load increase from 200 Nm to 500 Nm at 
constant engine speed 1600 rpm. In terms of power the engine is loaded from 7.5% of MCR 
(449.6 kW) to 18.6% (83.7 kW). Initially, opacity signal delay of about 9000 samples (9s) is 
observed which is expected due to the fact that the sensor is located at the end of the EBS in 
room I.13 and at low loads the exhaust gas velocity is small. However, at higher loads the signal 
delay tends to decrease because of the higher exhaust gas velocity. At 200 Nm, opacity is 
approximately 7% while at 500 Nm it is increased to 13% showing an increase of 6%, which is 
related to worse combustion conditions in the cylinders due to higher but still very low engine 
load. Then, EBS is activated by opening valve 2 (bypass) and closing valve 1 (main). By the time 
valve 1 is closed, opacity starts to decrease demonstrating the exhaust gas filtering. In reality, 
opacity starts to decrease simultaneously with the valve 1 closing since exhaust gas is forced to 
pass through the bypass duct. The DPFs cause an opacity reduction of 7% which means that 
opacity doesn’t ‘’follow’’ the engine load increase as it is below 7% which was its value at 200 
Nm engine load. After a while, EBS is deactivated by repositioning the exhaust valves and 
opacity is increased at 13% which is its previous value before EBS activation. Then, EBS is 
reactivated and opacity is again reduced to 6%. However, the opacity values tend to decrease to 
5% which is a result of better combustion due to the stabilization of the engine load. The opacity 
reduction due to improvement of combustion starts roughly 100s after the load increase. 
Finally, EBS is deactivated and opacity is increased to 11% proving the fact that the engine starts 
to operate in steady-state conditions. The engine load is then reduced to 200 Nm and opacity 
respectively decreases to 7.5% with tendency for further decrease to its initial value of 7%.  
As far as the system backpressure is concerned, pressure increases of 43.6 mbar (first EBS 
activation) and 43.4 mbar (second EBS activation) are observed. The sensor readings are not 
considered accurate, at least in absolute values, because the sensor indicates initial exhaust gas 
pressure of 0.97 bar (it should be above 1.012 bar). However, this constant error can be 
eliminated by measuring the pressure drop caused by the EBS.  
 In figure 126 the pressure drop measurements across the two filters are presented. The 
pressure drops across DPF 1 are 340 mbar (EBS first activation) and 350 mbar (EBS second 
activation) while the respective ones across DPF 2 are a little higher 350 mbar (first activation) 
and 360 mbar (second activation). This slight difference (10 mbar) between the pressure drops 
across the two filters is a clear indication of different initial soot load. Moreover, the differential 
pressure developed across the filters is considered high but fortunately the overall system 
backpressure is kept at reasonable levels.  
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Finally, in figure 127 the temperature measurements are provided which demonstrate the 
different heating and exhaust gas filtering of the two DPFs as well as the high system heat 
inertia.  At first the exhaust temperature before the EBS shows linear increase of small gradient 
(7oC per 50s) due to the low engine load. The exhaust temperatures before the two filters are 
kept constant when EBS is deactivated since no exhaust gas passes through the filters. However, 
during EBS activation both DPF temperatures show a non-linear increase which lasts as long as 
exhaust gas passes through the filters. In addition, the exhaust temperature before the DPF 2 is 
continuously lower than the respective one before the DPF 2, which is a clear proof that less 
exhaust gas passes through the second filter. The temperature difference between the two DPFs 
continuously increases (10oC, 12oC, 18oC) and considering the increased pressure drop measured 
across DPF 2, higher soot loading of the second filter can be inferred. Furthermore, the exhaust 
gas tends to flow through DPF 1 at increased amounts due to lower pipeline length.   
96 
 
6.2.2 Caterpillar 3176B, Valves: Stateflow Control 
 
 
Figure 128: Opacity, torque, valves position and backpressure measurements with CAT3176B, valves: stateflow control 
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Figure 129: Pressure drop across DPF 1, DPF 2, and valves position measurements with CAT3176B, valves: stateflow control 
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Figure 130: Temperature before EBS, DPF 1, DPF 2 and valves position measurements with CAT3176B, valves: stateflow control
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In figure 128 the opacity, torque, valves position and system backpressure measurements 
with Caterpillar 3176B engine and stateflow valves control are presented. The engine loading 
includes engine load increase from 200 Nm to 500 Nm at constant engine speed 1600 rpm. In 
terms of power the engine is loaded from 7.5% of MCR (449.6 kW) to 18.6% (83.7 kW). Initially, 
the opacity signal delay is approximately 8000 samples (8s) but tends to decrease (due to the 
increased exhaust gas velocity. At 200 Nm, opacity is approximately 4% while at 500 Nm it is 
increased to 26% showing a sharp increase of 22%. Stateflow control dictates EBS activation if 
opacity exceeds 10%. Therefore, valve 2 (bypass) opens which is followed by the closing of valve 
1. Due to the fact that initially the engine load profile is unstable, the imposed load deviates as it 
instantaneously decreases below 400 Nm. As a result, opacity is rapidly reduced to 14% where it 
is stabilized according to the stabilization of the engine load at 500 Nm.  It’s worth mentioning 
that the opacity value during this transient loading is in complete accordance with the opacity 
measured in the previous experiment for the same transient loading. Then, opacity is further 
reduced due to the EBS activation and quickly decreases to 4%, showing a 10% reduction. By the 
time opacity is less than 10% stateflow control dictates the EBS deactivation which initiates by 
opening valve 1. As a consequence exhaust gas starts to flow through the main duct18 and 
opacity is increased again to 12%, which triggers the EBS re-activation. Because of the fact that 
valve 2 remains open, valve 1 re-closes immediately, forcing the exhaust gas to flow through the 
DPFs and opacity decreases to 9%. Then, EBS deactivates completely (both valves are moved to 
the initial positions) while opacity is kept low (7%) as the engine starts to operate in steady-state 
conditions and the combustion is improved.   
As far as the system backpressure is concerned, it is considered low since the overall 
pressure increase caused by the EBS is small during both EBS activations. At first the maximum 
pressure drop is 36.7 mbar (10% opacity reduction) while during the second EBS activation, it is 
18 mbar (3% opacity reduction).    
In figure 129 the pressure drop measurements across the two filters are presented. The 
pressure drops across DPF 1 are 320 mbar (EBS first activation) and 107 mbar (EBS second 
activation) while the respective ones across DPF 2 are a little higher 339 mbar (first activation) 
and 122 mbar (second activation). The increased values of the pressure drop developed across 
the filters indicate possible clogging of the filters due to mal-regeneration before their 
installation on the system. Furthermore, the difference between the pressure drops across the 
two filters (15 – 20 mbar) is higher than this measured in the previous experiment (10 mbar). 
                                                          
18
 Exhaust gas tends to flow through the shortest pipeline length or/and through regions of less pressure 
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This strongly suggests that the two DPFs were not regenerated equally before their installation 
on the EBS, as DPF 2 is clearly more loaded with soot. Nevertheless, despite the increased 
differential pressure across the two filters, the overall system backpressure is still low.   
In figure 130 the temperature measurements are provided which demonstrate the 
increased system heat inertia. The exhaust temperature in the duct before EBS shows a slight 
increase (1oC per 10s), but remains low (about 77oC), while the exhaust temperatures before the 
filters are lower (36oC for DPF 1 and 31oC for DPF 2) and don’t present any gradient even during 
EBS activation. Finally, the temperature difference (5oC) between the two DPFs is noteworthy as 
it proves the exhaust gas maldistribution between the two filters during EBS activations. Except 
for the suspected increased soot load of DPF 2, there is also the suggestion that the system 
design is not optimal. Considering that more exhaust gas tends to flow through DPF 119  the 
exhaust velocity met before DPF 2 is lower and as a consequence static pressure before the 
filter is higher. This may lead to increased pressure drop across the filter.  
                                                          
19
 Shorter pipeline length 
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6.2.3 MAN B&W Holeby L16/24, Valves: Manual Handling 
 
 
Figure 131: Opacity, backpressure and valves position measurements with MAN B&W Holeby L16/24, valves: manual handling 
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Figure 132: Temperature, pressure drop across DPF 1, DPF 2 and valves position measurements with MAN B&W Holeby, valves: manual handling 
 
103 
 
In figure 131 the opacity, backpressure before DPF 1 and EBS as well as the valves position 
measurements with the MAN B&W Holeby L16/24 engine are presented. Unfortunately, torque 
measurements are not available because the engine controller wasn’t connected to the DS1103, 
so only measurements directly related to the EBS were collected.  The engine initially is idle 
(10% of MCR) and it operates at nominal revolutions 1200 rpm. The imposed engine loading 
includes load increase from 398 Nm to 1194 Nm at constant engine speed which in terms of 
power corresponds to power increase from 50 kW (10%) to 150 kW (30% of MCR). At first 
opacity is 3% which corresponds to idle engine operation but due to the imposed sharp load 
increase it is increased to 99%. Opacity remains at 99% for approximately 3s (3000 samples) and 
then decreases to lower values. The opacity reduction is gradual but continuous (54% reduction 
after 8s and 77% after 16s). The EBS activation starts at 2000 samples (2s) and is completely 
finished (valve 2 opened and valve 1 closed) after 5s. Despite the fact that EBS is activated at 7s 
(7000 samples) opacity starts to decrease at 11s (1141 samples). Obviously this is attributed to 
the opacity signal delay which can be roughly estimated at 4s. Finally, opacity is reduced to 20% 
showing a total reduction of 79% due to the exhaust gas filtering as well as the engine loading 
stabilisation.  
As far as the system backpressure is concerned, two measurements are presented, the first 
one corresponding to the exhaust pressure measured just before DPF 1, whilst the other to the 
exhaust pressure measured before the EBS by the defective sensor. Both of them present similar 
behaviour but they differ in absolute values. The exhaust pressure before DPF 1 increases 30 
mbar simultaneously with valve 2 opening. The highest increase (680 mbar) is presented when 
valve 1 fully closes which forces all exhaust gas to flow through the filters. Then, the pressure is 
decreased and stabilised at 1.5 bar. The exhaust pressure measured before EBS behaves the 
same showing maximum increase of 75 mbar (valve 1 opening) and pressure reduction of 20 
mbar before its stabilisation. The absolute values of the pressure before EBS are not presented 
because they are considered inaccurate.  
In figure 132 the temperature and the valves position measurements are provided. 
Moreover, the pressure drop measurements across the two filters are presented. The 
temperature measured before EBS is 225oC and it remains constant while the temperature 
measured before each filter is much lower (31oC for both DPFs) and tends to increase unevenly 
due to the prolonged EBS operation. Specifically, after 20s the temperature before DPF 1 is 
increased 18oC to 49oC, while the temperature before DPF 2 is increased only 3oC to 34oC.  This 
strengthens the suggestion that the exhaust flow is mal-distributed through the two filters 
which is a result of either different DPFs soot load or defective system design.     
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Finally, the differential pressure measured across the two filters shows similar behaviour 
with the exhaust pressure measurements provided in figure 131. Specifically, the pressure drop 
across DPF 1 instantly increases to 10 mbar after the opening of valve 2. Then, after the full EBS 
activation which forces the exhaust gas to flow entirely through the filters, the pressure drop 
increases to approximately 700 mbar before its reduction and stabilisation at 516 mbar. The 
pressure drop across DPF 2 behaves exactly the same though its absolute values are 
continuously 10 – 18 mbar higher according to the previous experiments. Therefore, it can be 
derived that DPF 2 is more clogged than DPF 1 due to increased initial soot or ash load in the 
filter.  
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6.3 Conclusion 
 
The experiments with the exhaust bypass system provided fruitful results concerning the 
achieved opacity reduction and the consequent backpressure developed. The first experiment 
included 300 Nm engine loading at constant speed and manual handling of the exhaust valves. 
At first the initial concern of high opacity signal delay was confirmed as it lagged 9s after the 
engine load increase. This is considered an unfavourable factor for the system efficiency as long 
as opacity signal serves as the trigger signal for the EBS activation. Moreover, when activated 
the EBS inflicted a rapid 54% opacity reduction (from 13% to 6%) while overall backpressure was 
kept low since it was increased only 43 mbar. The pressure drop developed across the filters was 
approximately 340 - 350 mbar with the latter representing the pressure drop across DPF 2. 
Although this pressure drop was quite high, the overall system backpressure was kept at 
reasonable levels. Furthermore, the temperature measurements demonstrated high system 
heat inertia and indicated mal-distribution of the exhaust flow through the filters as DPF 1 was 
heated more quickly.  
The second experiment comprised a first effort for closed loop system control by using the 
stateflow environment for the valves operation. Opacity of 10% was defined as the trigger signal 
for the EBS activation and the engine was loaded the same way as in the first experiment. The 
opacity signal delay was measured 8s and the EBS reduced exhaust opacity approximately 70% 
from 14% to 4%. The overall backpressure was still kept at low levels as it was increased 36.7 
mbar. Despite the small system backpressure the pressure drop across DPF 1 was 320 mbar 
while across the second filter was 19 mbar higher (339 mbar). The increased pressure drop 
across DPF 2 suggested higher filter soot loading which could be explained by insufficient 
regeneration of the filters before their installation on the EBS. In addition, the temperature 
measurements demonstrated again the high system heat inertia as no temperature gradient 
was presented on the DPFs during the EBS activation. Moreover, the difference between the 
temperatures of the two filters was a second clear indication of exhaust flow mal-distribution, as 
DPF 1 was heated again more quickly. Finally, the stateflow control of the valves provided 
promising results. However, the system control was not optimal due to the fact that opacity 
signal was not suitable for this type of control as every time that opacity was reduced below 
10%, valve 1 was opened which led to opacity increase because of the EBS deactivation. As a 
consequence the system efficiency was reduced as the opacity abatement was diminished.  
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The third and final experiment included 796 Nm engine loading of MAN B&W Holeby 
L16/24 engine at constant engine speed. The EBS was activated and the opacity started to 
decrease after 4s. The reduction was gradual and continuous (55% after 8s, 79% after 16s) till 
the opacity stabilisation at 20%. The opacity signal delay can be roughly estimated at 4s by 
measuring the time period between the EBS full activation and the initiation of the opacity 
reduction. It is worth mentioning that opacity is initially increased to 98% and it remains there 
for approximately 3s. The overall system backpressure was increased 75 mbar after the EBS 
activation. In addition, exhaust pressure measurements before DPF 1 were collected which 
presented a pressure increase of 680 mbar before the filter. Then, the exhaust pressure before 
DPF 1 was stabilised at 1.5 bar. Furthermore, the pressure drop across the two filters was 700 
mbar for DPF 1 and 717 mbar for DPF 2. The high pressure drop measured across the filters 
indicated increased soot/ash load in the filters. Finally, the temperature measurements 
confirmed the system high heat inertia as the temperature gradients were very small. 
Moreover, the different exhaust temperatures before the two filters strongly suggested that the 
EBS design was not optimal as DPF 1 presented higher temperature gradient (hence increased 
exhaust gas flow).  
 As far as the system backpressure measurement (PT131) is concerned, the absolute values 
were considered inaccurate due to probable defective sensor. However, by measuring the 
pressure increase (differential pressure) caused by the EBS activation, the constant error was 
eliminated and a rough estimation of the imposed system backpressure could be derived.  
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Chapter 7: Conclusions - Recommendations 
 
In the context of this thesis a smoke emission abatement system was developed and 
installed in the exhaust processing room I.13 of LME. The system consisted of a bypass duct 
connected to the exhaust system, two DPFs for PM collection and two butterfly valves for 
exhaust gas flow control. The DPF selection was based on achieving minimum pressure drop, as 
well as minimum filter dimensions. The exhaust bypass system would be activated by 
repositioning the two exhaust valves only during engine transient loading. This was a basic 
prerequisite for the system design in order to avoid early clogging of the filters due to increased 
soot deposition. It is worth mentioning that the initial DPFs connection via clamps proved 
ineffective as it led to high exhaust gas leakage. The consequent flange connections offered high 
process sealing but also less flexibility in case of filter replacement and increased system weight.  
For estimating the system efficiency, a suitable sensor, capable of measuring the exhaust 
opacity, was installed on the exhaust duct after the filters. Moreover, two pressure sensors were 
mounted across each filter for measuring the developed pressure drop, while the overall system 
backpressure was measured by a fifth pressure sensor mounted just before the EBS.  Finally, 
three RTDs were also incorporated in the system for providing useful temperature readings 
before the filters and the EBS. All sensors were mounted and connected based on drawings 
which were produced in order to provide full system documentation. The sensors output signals 
were electrically isolated and converted by newly installed isolating amplifiers before their 
collection by the DAQ system. The complete installation of the system included the placement 
of an electrical panel, an air supply subsystem as well as the exhaust duct insulation.   
Before conducting experiments with the exhaust bypass system, opacity measurements on 
the ASL Speedrunner 3 high speed vessel, were performed. The opacity readings were possible 
after the installation of the opacimeter on the exhaust duct of one of the four ship engines. The 
measurements demonstrated very low exhaust opacity (below 5%) when the engine operated 
close to MCR, while at lower engine loads opacity was increased to 15%. The biggest challenge, 
in terms of smoke emission, was presented during engine load increase, which inflicted 
consequent opacity increase to 40%. Furthermore, the opacity measurements onboard 
indicated the strong correlation between the engine loading profile and the exhaust opacity 
which could prove very useful for optimising the smoke abatement system by decoupling its 
activation from the opacity signal which is characterised by high delay.  
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The experiments with the exhaust bypass system included engine loading at constant 
speed, EBS activation according to the measured exhaust opacity and full exhaust gas filtering. 
All experiments demonstrated high opacity signal delay (8 – 9s) which led to system efficiency 
reduction. The opacity abatement was relatively high (54% – 70%) while the system overall 
backpressure presented only a small increase of 37 – 75 mbar. However, the pressure drop 
developed across the filters was quite high (340 – 700 mbar). This was a clear indication of high 
initial filters soot load due to possible mal-regeneration before their installation on the EBS. 
Finally, the temperature measurements pointed out high system heat inertia as the temperature 
gradients were kept low. Moreover, the increased heating of DPF 1 compared to DPF 2 
suggested that more exhaust gas passed through the first filter. This was a clear indication of 
increased clogging of DPF 2 as well as not optimal system design considering the fact that the 
exhaust gas preferred to follow the shortest pipeline path, through the less loaded filter.  
As far as future work is concerned, the EBS installation offers a variety of possible system 
operations for achieving less smoke emission. At first the defective pressure sensor, installed 
before the EBS, should be replaced for ensuring accurate backpressure measurements. 
Furthermore, the system activation should be decoupled from the opacity signal as the latter is 
characterised by high delay. Possible solution is correlating the EBS activation to the engine 
loading profile which may lead to an increase of the system efficiency due to higher opacity 
reduction. Moreover, tests with partial exhaust gas filtering can be performed in order to extend 
the life span of the filters without significantly diminishing the total opacity abatement. In the 
end, an optimised closed loop system control should be implemented in order to achieve higher 
smoke emission reduction, less backpressure and low contamination of the DPFs.    
 
 
Figure 133: ASL Speedrunner 3 leaving the port of Serifos 
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Appendix I: Instruments Technical Specifications 
I.1 G1000 Smoke Density Monitor Specifications 
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I.2 S-10 Pressure Transmitter Specifications 
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I.3 SOMAS Butterfly Valve Specifications 
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I.4 SOMAS Pneumatic Actuator Specifications 
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I.5 SIPART PS2 Electropneumatic Positioner Specifications 
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I.6 Flow Sensor ZS25 UFA Specifications 
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I.7 TR10-C RTD Specifications 
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I.8 T19 Analogue Transmitter Specifications 
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I.9 MINI MCR-SL-I-U-4 Specifications 
 
 
 
  
 
 
143 
 
 
 
 
 
 
 
144 
 
I.10 MINI MCR-SL-UI-UI-NC Specifications 
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I.11 DS1103 PPC Controller Board Specifications 
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Appendix II: Drawings 
 
Figure A.II 1: Exhaust bypass system initial assembly design 
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Figure A.II 2: Socket pipes design
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Figure A.II 3: Flow meter adaptor design
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Figure A.II 4: Panel A1 initial design (it features two NI USB 6216 DAQ modules for local 
control).  
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Figure A.II 5: Electrical connection of butterfly valve positioner 1 
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Figure A.II 6: Electrical Connection of butterfly valve positioner 2 
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Figure A.II 7: Electrical connection of PTX 1400 pressure transmitter 
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Figure A.II 8: Electrical connection of S-10 pressure transmitter 1 
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Figure A.II 9: Electrical connection of S-10 pressure transmitter 2 
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Figure A.II 10: Electrical connection of S-10 pressure transmitter 3 
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Figure A.II 11: Electrical connection of S-10 pressure transmitter 4
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Figure A.II 12: Electrical connection of TR10C - T19 transmitter 1 
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Figure A.II 13: Electrical connection of the TR10C - T19 transmitter 2 
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Figure A.II 14: Electrical connection of TR10C - T19 transmitter 3 
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Figure A.II 15: Electrical connection of G1000 SDM 
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Figure A.II 16: Electrical connection of vane wheel flow sensor 
165 
 
 
Figure A.II 17: Wiring design of EBS for Caterpillar 3176b engine 
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Figure A.II 18: Wiring design of EBS for MAN B&W Holeby L16/24 engine
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Figure A.II 19: Draft of room I.13 front view  
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